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AbstractThis thesis explores the use of ring-opening polymerisation (ROP) andreversible addition-fragmentation chain transfer (RAFT) polymerisation toprepare linear and cyclic graft copolymers with a polycarbonate backbone. Thesolution properties and self-assembly behaviour of these linear and cyclic graftcopolymers with hydrophilic side arms is also described.Chapter 1 introduces the polymerisation techniques used in this thesis, namelyROP and RAFT, and provides a review of the self-assembly of polymers thatpossess a cyclic topology.In Chapter 2, the synthesis and ROP of a novel cyclic carbonate monomerbearing pendent norbornene functionality is described. Successful post-polymerisation modification of the norbornene functionality is demonstratedfor a range of addition reactions; 1,3-dipolar cycloaddition, inverse electrondemand Diels-Alder reaction and radical thiol-ene addition, and is also shown toprovide access to multi-functional polycarbonates. Attempts to prepare graftcopolymers via the grafting of thiol-terminated polymer chains to thenorbornene-functional polycarbonate backbone are also described.Chapter 3 describes the optimised synthesis of linear graft copolymers via theROP of a RAFT chain transfer agent (CTA)-functional cyclic carbonate monomerand subsequent RAFT polymerisation to grow polymer chains from the RAFTCTA sites located along the resulting polycarbonate backbone. Thismethodology was used to prepare a polycarbonate-g-poly(N-isopropylacrylamide) amphiphilic copolymer and its self-assembly to afforddegradable, thermoresponsive particles is demonstrated.In Chapter 4, the optimised procedures developed in Chapter 3 for thepreparation of linear graft copolymers are applied to the preparation of well-defined cyclic graft copolymers with a degradable cyclic polycarbonatebackbone and a range of side arm compositions.Chapter 5 investigates the solution properties and self-assembly behaviour oflinear and cyclic graft copolymers with hydrophilic poly(N-acryloylmorpholine)side arms and a hydrophobic polycarbonate backbone, prepared using themethodologies developed in Chapters 3 and 4.Chapter 6 provides a summary of the key findings of Chapters 2 – 5 and Chapter7 provides the experimental methods of this thesis.
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11 Introduction
21.0 OverviewThis chapter is divided into two sections; the first introduces the concept of“controlled” polymerisation techniques, with particular attention given to thepolymerisation techniques used in this thesis; ring-opening and reversibleaddition-fragmentation chain transfer polymerisations, while the secondsection focuses on the application of controlled polymerisation techniques inthe synthesis and self-assembly of cyclic polymers.
1.1 IntroductionSince the birth of polymer chemistry in the mid 19th century, polymers havebecome essential to everyday life. Originally, polymers were developed fortheir bulk macroscopic properties and indeed a lack of appropriate analyticaltechniques meant that microscopic, structural properties could not be readilyprobed or manipulated. With the vast development of polymerisationtechniques and analytical methods over the last century, the control of polymermolecular weight, architecture, composition, the precise introduction offunctionality, and even the exact sequence of polymer chains is now possible.Such precise control over the structure and functionality of polymers hasallowed their development as macromolecular building blocks, i.e. componentsthat form a more complex, hierarchical system. Examples include the use ofamphiphilic block copolymers in self-assembly to form vehicles for drugdelivery or the use of multi-armed water-soluble polymers in the preparation ofhydrogels for tissue engineering applications.
31.2 Polymerisation TechniquesConventional polymerisation techniques; whether step-growth or chain-growth, are typically uncontrolled processes resulting in the formation of ill-defined polymers, with unpredictable molecular weights, broad dispersities anda lack of chain-end functionality. Conversely, a living polymerisation proceedsin the absence of chain termination or chain transfer and affords well-definedpolymers with predictable molecular weights and narrow molecular weightdistributions. The difference in evolution of molecular weight betweenconventional step-growth, chain-growth and living polymerisations is shown inFigure 1.1 and highlights how in a living polymerisation, molecular weight isdirectly correlated to monomer conversion.
Figure 1.1. The evolution of molecular weight versus monomer conversion for a chain-growth,step-growth and living polymerisation.1
41.2.1 Living PolymerisationsFor a polymerisation to be defined as “living” it must fulfill certain criteria:2
 The number of growing polymer chains is constant throughout thepolymerisation and independent of monomer conversion;
 The degree of polymerisation and number average molecular weightof the polymers is directly proportional to monomer conversion;
 The molecular weight of the polymers can be controlled by the ratio ofmonomer and initiator;
 The polymerisation proceeds until all monomer is consumed (100%monomer conversion) and the addition of more monomer results infurther polymerisation;
 Polymers with a narrow molecular weight distribution are produced;
 Chain end functionalised polymers can be prepared;
 Block copolymers can be formed by the sequential addition of asecond monomer.
Anionic polymerisations have been categorised as living, with the first examplereported by Swarc in 1956,3 demonstrating the anionic polymerisation ofstyrene using sodium naphthalene as an initiator. However, these ionicpolymerisation techniques suffer from poor functional group tolerance,stringent reaction conditions, the need for extremely high levels of monomerand solvent purity and the need to completely eliminate water and oxygen fromthe polymerisation system. As a consequence, alternative polymerisationtechniques have been developed that exhibit “pseudo-living” or “controlled”behaviour and possess a higher tolerance to functional groups and trace
5impurities. Examples of “controlled” polymerisation techniques include;reversible deactivation radical polymerisation (RDRP) techniques,4-8 ring-opening polymerisation (ROP)9 and ring-opening metathesis polymerisation(ROMP).10, 11
1.2.2 Reversible Deactivation Radical PolymerisationReversible deactivation radical polymerisations combine the advantages of bothliving and radical polymerisations, through meeting many of the criteria of aliving polymerisation whilst being much simpler techniques to undertake.There are three main steps in a conventional free radical polymerisation;initiation, propagation and termination. During initiation, initiator speciesundergo homolysis to form radicals which subsequently react with monomer tobecome the first monomer unit of the polymer chain. Propagation is theaddition of further monomer units to the growing polymer chain. Terminationoccurs mainly via radical-radical coupling by either recombination ordisproportionation, resulting in the formation of dead polymer chains that canno longer propagate (Scheme 1.1). Chain transfer can also occur where the
Scheme 1.1. Mechanism of a free radical polymerisation.
6propagating radical is transferred to another atom, creating a dead polymerchain. All these processes occur concurrently, resulting in ill-defined polymerswith unpredictable molecular weights and broad dispersities.In order to control a radical polymerisation i.e. minimise the amount oftermination and ensure the rate of initiation is faster than the rate ofpropagation, the concentration of active radicals in the polymerisation systemmust be reduced. In RDRP the concentration of propagating radicals iscontrolled by establishing a dynamic equilibrium between a low concentrationof propagating polymer chains and a greater concentration of dormant polymerchains.5 The equilibrium is rapid, ensuring all polymer chains have an equalchance of propagation and can grow at a constant rate, leading to polymers withnarrow molecular weight distributions. Termination does still occur duringRDRP but is limited to only a small percent of the total polymer chains.The three main RDRP techniques are atom transfer radical polymerisation(ATRP),12-17 nitroxide mediated polymerisation (NMP)18-21 and reversibleaddition-fragmentation chain transfer polymerisation (RAFT).22-28 ATRP andNMP both utilise the persistent radical effect to create an equilibrium betweenactive and dormant polymer chains, a halide radical coordinated to a transitionmetal-ligand complex in ATRP and a nitroxide radical in NMP (Scheme 1.2). Asa consequence of the stability of the dormant species, the equilibrium favours alow concentration of active radicals.
1.2.3 Reversible Addition Fragmentation Chain Transfer PolymerisationIn RAFT polymerisation the equilibrium between active and dormant chains isestablished by the addition of a thiocarbonyl compound, known as the RAFT
7Scheme 1.2. Equilibrium steps of ATRP and NMP.
chain transfer agent (CTA), to a conventional radical polymerisation. Thethiocarbonyl species adds to the propagating polymer chains and thus limits thenumber of polymer chains with an active radical chain end. An equilibrium isestablished between a large amount of polymer chains with thiocarbonyl endgroups and a small number of polymer chains with a radical at the chain end.The thiocarbonyl group rapidly shuttles between polymer chains ensuring allpolymer chains have an equal chance of propagation and grow at a constantrate, resulting in a narrow molecular weight distribution.29The RAFT polymerisation process is initiated in the same way as a conventionalfree radical polymerisation through decomposition of a thermal initiator to
yield a radical species, I˙, which subsequently reacts with monomer (Scheme 1.3. (i)). The growing polymer chain (Pn˙) then reacts with the thiocarbonyl group of the CTA forming a radical polymer intermediate. This intermediatecan then fragment in one of two ways; to form either a polymeric CTA andrelease the R-group or revert back to the initial growing polymer chain and CTA
(ii).  The radical R-group (R˙) can then act as an initiating group by reacting with  
8Scheme 1.3. Mechanism of RAFT polymerisation.
monomer, forming new polymer chains (iii). Once all CTA has been consumed,all polymers (Pn and Pm) now take part in the main equilibrium (iv) betweenactive and dormant species, rapidly switching between propagating polymerchains and dormant thiocarbonyl-capped polymers. Termination can still occurbut is significantly minimised compared to conventional free radicalpolymerisations, as a result of this low concentration of radical species.The structure of the RAFT CTA, specifically the identity of the Z- and R-groups,can have a significant effect on polymerisation and therefore careful choice ofCTA is needed.30 The identity of the Z-group affects the stability of thethiocarbonyl group and therefore the stability of the radical intermediate in themain equilibrium of RAFT polymerisation.31 Hence, the stability bestowed bythe Z-group must be balanced to allow addition to the thiocarbonyl double
9bond, as well as allowing fragmentation of the polymer chains to enablepropagation.There are four main types of CTA depending on the structure of the Z-group;dithioesters, trithiocarbonates, dithiocarbamates and xanthates (Figure 1.2),and with correct choice of CTA type, effective polymerisation control can beachieved for a wide range of monomers. More activated monomers (MAMs),such as styrenes, acrylates, methacrylates, acrylamides and methacrylamides,form comparatively stable radicals and therefore the polymerisation of MAMs isbetter controlled by CTAs with stabilising Z-groups, which are more susceptibleto radical attack, such as dithioesters and trithiocarbonates. Conversely,dithiocarbamates and xanthates provide good control over less activatedmonomers (LAMs), such as N-vinyl pyrrolidone, vinyl acetate and other vinylester monomers. For dithiocarbamates and xanthates, the lone pair of therespective nitrogen or oxygen atom is delocalised onto the thiocarbonyl group,lowering its reactivity and susceptibility to radical attack.The identity of the R-group is also important; it must be a good leaving groupcompared to the propagating polymer chain and be able to effectively re-initiate
Figure 1.2. Types of RAFT chain transfer agent.
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Figure 1.3. RAFT CTA R-groups, decreasing fragmentation rate from left to right.
polymerisation (Figure 1.3).32 Thus, by judicious choice of Z- and R-groups it ispossible to control the polymerisation of a large array of monomers, makingRAFT a very versatile and attractive technique. Furthermore, the incorporationof a thiocarbonyl group onto the polymer chain end provides the opportunityfor post-polymerisation modification of polymer chains prepared by RAFT.33, 34The thiocarbonyl group can be transformed into an alkene by thermalelimination or a thiol via reaction with amines or reducing agents, can act as adienophile in hetero-Diels-Alder reactions and react with functionalised radicalspecies.
1.2.4 Ring-Opening PolymerisationA ring-opening polymerisation is defined as a polymerisation in which a cyclicmonomer yields a polymer consisting of acyclic repeat units or repeat units thatcontain fewer cycles than the monomer. This definition encompasses anextremely large range of cyclic monomers, including but not limited tolactones,35, 36 carbonates,37 ethers,38 sulfides,39 lactams,40 oxazolines,41phosphonates, 42 and siloxanes.43 As a consequence of the structural diversityof these monomers, there are several mechanisms by which ROP can occur and
11
many of these polymerisations can be categorised as either “living” or“controlled”.9The ring-opening polymerisation of cyclic esters has emerged as an area ofparticular interest.35, 36, 44-49 The resulting aliphatic polyesters may be bothbiocompatible and (bio)degradable and have consequently found applicationsin the biomedical arena; for drug delivery and tissue engineering, and asdegradable replacements for conventional commodity plastics.44, 50-54Polyesters are traditionally prepared via the polycondensation of hydroxyacidsor a difunctional carboxylic acid and a diol,47, 55 where the latter approach reliesupon precise stoichiometry. The resulting polymers are generally limited tolow molecular weights and possess broad dispersities, furthermore, longreaction times and high temperatures are often required. The ROP of cyclicesters provides a controlled alternative to prepare degradable aliphaticpolyesters, with predictable molecular weights, narrow molecular weightdistributions and end-group control, and hence affords polymers withextremely well-defined and tunable bulk properties. The ROP of cyclic estershas been demonstrated with a range of catalysts, including metal-basedcatalysts,56-60 organic catalysts61-64 and enzymes.65-67
1.2.4.1 Metal-Catalysed ROPBoth well-defined metal coordination complexes57, 58, 60 and simple metal salts,68such as metal alkoxides,59 have been demonstrated to effectively catalyse theROP of cyclic esters via either an anionic or coordination-insertion mechanism(Scheme 1.4). Anionic ROP proceeds via nucleophilic attack of the initiatinganion at the carbonyl group of the cyclic ester, generating anionic propagating
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Scheme 1.4. Metal catalysed ROP of cyclic esters; (top) via an anionic mechanism, (bottom) viaa coordination-insertion mechanism.
species. In a coordination-insertion mechanism, the carboxyl oxygen atom ofthe cyclic ester monomer coordinates to the metal centre of the coordinationcomplex and is subsequently inserted into the metal-oxygen bond of the metalalkoxide group. While the use of metal-based catalysts has been highlysuccessful in the preparation of well-defined polyesters, the resulting polymersare often contaminated with trace metal impurities. These impurities can becostly and time consuming to remove and if left in the polymer can prevent itsuse in metal-sensitive applications, including the biomedical andmicroelectronic fields of research.
1.2.4.2 Organocatalysed ROPWithin the last two decades significant advances have been made in the field oforganocatalytic ROP, offering an attractive alternative to traditional metal-
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based ROP catalysts.61-64 Small molecule organic catalysts are oftencommercially available or can be synthesised in relatively few steps and unlikemany metal-based catalysts, organic catalysts are generally air and moisturestable, making their preparation, storage and handling considerably easier.Organocatalysts can be easily removed from the resulting polyesters via simplewashing procedures or the use of ion exchange resins, as a consequence of theiracidic or basic nature.The first example of organocatalysed ROP was reported by Hedrick andcoworkers in 2001 for the polymerisation of lactide using 4-(dimethylamino)pyridine (DMAP) as the polymerisation catalyst.69Polymerisations were well controlled, exhibiting low dispersity values, howeverslow polymerisation times were reported. Subsequent research by the samegroup investigated the use of N-heterocyclic carbenes (NHCs) in the ROP ofcyclic esters which were found to be highly active catalysts, with significantlyincreased rates of polymerisation compared to DMAP catalysed ROP.70 Theactivity of the NHC catalysts could be controlled through variation of the N-substituent71 and consequently were applied to the ROP of a wide range ofcyclic esters, as well as other cyclic monomers, including carbonates,72epoxides73, 74 and siloxanes.75, 76 The use of NHC catalysts has also been appliedto the successful preparation of well-defined cyclic poly(lactide) (PLA),77, 78other cyclic polyesters79-82 and cyclic poly(carbosiloxane)s,83 via manipulationof the zwitterionic polymerisation mechanism, in the absence of an initiatingalcohol (Scheme 1.5). As a consequence of the acute air and moisturesensitivity of NHCs, the in situ generation of NHCs from air stable derivativeshas also been investigated.84-90
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Scheme 1.5. NHC mediated ROP of lactide in the presence and absence of an alcohol initiator.81
A significant advancement in the field of organocatalytic ROP was made withthe development of bifunctional thiourea-amine catalyst systems.91 Thesesystems allow the concurrent activation of the cyclic monomer and initiatingalcohol through H-bonding (Figure 1.4). The initial thiourea-amine catalystsystem investigated incorporated both functionalities on the same molecule,however, dividing the functionalities between separate molecules allowedtuning of the polymerisation activity through variation of the tertiary amine.Consequently, (-)-sparteine was found to exhibit an excellent balance betweenreactivity and selectivity.92
Figure 1.4. Dual activation of lactide and an alcohol initiator via H-bonding with a) bifunctionalthiourea-amine or b) thiourea and (-)-sparteine.
15
The application of organic “superbases” as ROP catalysts has also receivedconsiderable attention. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) and 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD) (Figure 1.5) were found toexhibit high catalytic activity and low dispersity values for the polymerisation oflactide93 and the cyclic carbonate monomer, trimethylene carbonate,72 as wellas other functional cyclic carbonates94, 95 and phosphoesters,96-98 via anactivated initiator mechanism. Whilst these catalysts are successful for thepolymerisation of LA, cyclic carbonates and cyclic phosphoesters, they haveproved ineffective for the polymerisation of lactones,93 where additionalactivation of the lactone via H-bonding with a thiourea cocatalyst is required forsuccessful polymerisation (Figure 1.5). The “superbase” 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) possesses the ability to activate both thecyclic monomer and initiating alcohol and therefore demonstrates extremelyhigh activity in ROP in the polymerisation of lactide, lactones,93, 99, 100 cycliccarbonates72 and cyclic phosphoesters.96-98 Furthermore, as a consequence ofthis high activity TBD has been able to polymerise monomers which exhibit low
levels of ring strain, for example, large lactones such as ω-pentadecalactone,101
Figure 1.5. a) Activation of an alcohol initiator via H-bonding with DBU and MTBD. b) Dualactivation of an alcohol initiator and lactone via H-bonding with DBU and thiourea cocatalystrespectively.
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as well as sterically hindered lactides,102 lactones103, 104 and cyclic carbonates.105In addition to the aforementioned catalysts which function through nucleophilicattack, organocatalysed cationic polymerisation has also been demonstrated forthe ring-opening of cyclic esters via protonation and activation of the carbonylgroup of the monomer. Strong acids such as trifluoromethanesulfonic acid,106methanesulfonic acid,107 diphenyl phosphate108 and phosphoramidic acid109 arecapable of activating both the monomer and initiating alcoholsimultaneously.110
1.2.4.3 Polycarbonates via ROPAs a consequence of their low toxicity, biocompatibility and biodegradability,aliphatic polycarbonates have received increasing attention as materials forbiomedical applications, including controlled drug release and tissueengineering.37, 111, 112 In addition, aliphatic polycarbonates possess someadvantages over aliphatic polyesters when applied to this field of research, suchas greater stability and improved mechanical properties. Polycarbonatesexhibit greater in vitro and in vivo stability than polyesters as a result ofdiffering hydrolysis mechanisms.113-120 The hydrolytic chain scission of apolyester results in the formation of a carboxylic acid terminated polymerchain, which will subsequently auto-catalyse further degradation of thepolyester. Contrastingly, chain scission of a polycarbonate will yield a lessacidic carbonic acid end group, that will readily decompose to release CO2,forming a hydroxyl end group and preventing end-group mediated auto-catalysed degradation (Scheme 1.5). As a result of these different hydrolysismechanisms, the in vivo degradation of polycarbonates occurs predominantly
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Scheme 1.6. Hydrolysis of (a) an ester vs (b) a carbonate.
via enzymatic surface erosion,113, 118 whereas polyesters undergo auto-catalysedbulk degradation.119 Furthermore, the acidic degradation products ofpolyesters can cause harmful inflammation of the surrounding tissue.Aliphatic polycarbonates are typically amorphous polymers, with low glasstransition temperatures (Tg), compared to polyesters, which are often semi-crystalline. Consequently, polycarbonates are more suitable materials for softtissue engineering compared to polyesters, and possess beneficial mechanicalproperties.114, 115 To this end, polycarbonates are often copolymerised withpolyesters to improve the mechanical properties of the polymer, where thecopolymerisation of polyesters and polycarbonates allows the fine-tuning ofother properties, e.g. degradation.119, 120There are three main approaches for the preparation of polycarbonates; thepolycondensation of diols with phosgene,37, 112, 121 the copolymerisation ofcarbon dioxide and epoxides122-128 and the ROP of cyclic carbonate monomers37,
129, 130 (Scheme 1.6). The synthesis of polycarbonates via polycondensationsuffers from the disadvantages of step-growth polymerisations, notably therequirement for the precise stoichiometry of monomers, often leading topolymers with low molecular weights and broad dispersities. Furthermore, the
18
Scheme 1.7. Preparation of polycarbonates via (a) polycondensation, (b) copolymerisation ofepoxides and CO2 and (c) ROP.
use of toxic reagents such as phosgene is undesirable. The copolymerisation ofCO2 and epoxides has received increasing attention as a sustainable alternativefor the production of polycarbonates. A wide range of metal catalysts havebeen developed to control such polymerisations, however the use of hightemperatures and pressures is generally required and polymerisations sufferfrom limited molecular weights and side reactions, including the formation ofether linkages and cyclic carbonates.The ROP of cyclic carbonate monomers offers a controlled alternative to thepreparation of polycarbonates, where the resulting well-defined polymersdisplay predictable molecular weights, narrow molecular weight distributionsand excellent end-group fidelity. Furthermore, the versatile synthesis of sixmembered cyclic carbonate monomers with pendent functionality has allowedaccess to a library of functional polycarbonates, adding even greater appeal tothis methodology.131, 132
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1.2.4.4 Functional PolycarbonatesThe introduction of functionality to a polymer can impart desirable propertiesto the material that allow its tailoring towards a specific application.133-135 Theincorporation of functionality into polycarbonates is an area of great currentinterest and has allowed precise control over the physical properties ofpolycarbonates and the attachment of relevant therapeutic, biological orfluorescent molecules.136-138 To enable the preparation of functionalpolycarbonates, a variety of methods to prepare functional cyclic carbonatemonomers have been developed.131, 132 These methods have primarily focusedon the ring closure of 1,3-diols using phosgene derivatives, to prepare sixmembered cyclic carbonates (Figure 1.6). 2,2’-Bis(hydoxymethyl) propionicacid (bis-MPA), a 1,3-diol with a pendent carboxylic acid group, has receivedconsiderable attention as a feedstock for functional six membered cycliccarbonates (Scheme 1.8). The desired functional group may be directly coupledto the carboxylic acid of bis-MPA, under acidic or basic conditions (route A),however to incorporate more sensitive functionalities the use of an acetonideprotection-deprotection strategy is required to protect the diol (route B). Thisincreases the number of steps required to prepare the functional carbonatemonomer and involves the preparation of a different intermediate during eachmonomer synthesis. To overcome this problem, Hedrick and coworkers have
Figure 1.6. Ring-closure of a 1,3-diol.
20
Scheme 1.8. Synthesis of functional cyclic carbonates derived from bis-MPA.
pioneered two methods to prepare common intermediates for the synthesis offunctional cyclic carbonate monomers derived from bis-MPA. In the firstapproach, the carboxylic acid of bis-MPA was protected by conversion to abenzyl ester before ring-closure of the diol.139 Subsequent deprotection viahydrogenation yielded a carboxylic acid functional cyclic carbonate scaffold,ready for further reaction with amines or alcohols to yield the desiredfunctional carbonate monomer (route C). In their alternative approach,functional cyclic carbonate monomers could be prepared in two steps viareaction of bis-MPA with bis(pentafluorophenyl)carbonate, yielding apentafluorophenyl-functional cyclic carbonate, followed by reaction with thedesired functional amine or alcohol (route D).140-142 Other 1,3-diols have alsobeen reported as feedstocks for the production of functional cyclic carbonatemonomers,143 including amino acids,144 sugars,105 pentaerythritol145 andglycerol.146 These versatile strategies for monomer synthesis have resulted in a
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plethora of functional cyclic carbonate monomers and consequently a largerange of functionalised polycarbonates.147-150
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1.3 Cyclic PolymersThe properties of polymers are not only controlled through polymerfunctionality and composition, but also through control of polymer topologyand architecture. The major advancement of controlled and livingpolymerisation techniques has enabled the preparation of a range of well-defined complex polymer architectures, including block, star,151-154 graft,155-159branched160-163 and cyclic.164-167 Of these polymer architectures, cyclicpolymers are perhaps the least explored as a consequence of the difficulty inboth their preparation and purification. Despite these difficulties, cyclicpolymers are of significant interest as a result of the unique properties theyexhibit in comparison to analogous linear polymers.
1.3.1 Synthesis of Cyclic PolymersThe existence of cyclic polymers has been long established in nature with thediscovery of circular DNA168 and in synthetic chemistry as cyclic contaminantsin step-growth polymerisations. Indeed, original synthetic methods to preparecyclic polymers were based upon the ring-chain equilibrium ofpoly(dimethylsiloxane),169, 170 where cyclic species were separated from linearpolymers through laborious fractional precipitations and preparative sizeexclusion chromatography.171 Despite the obvious limitations of this method, itallowed the first investigation of cyclic polymer properties, verifying the uniquebehaviour of cyclic topologies.Recent synthetic breakthroughs have since allowed the preparation of well-defined cyclic polymers in the absence of linear impurities, as well as a diverserange of more complex cyclic architectures. There are now two main
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approaches to prepare cyclic polymers; ring-closure172-174 and ring-expansion.175 The synthesis of cyclic polymers has been extensivelyreviewed,164-167, 176 so only an overview of these techniques will be given.Ring-closure techniques involve the coupling of the reactive chain ends of alinear polymer to yield a cyclic polymer (Figure 1.7). Ring-closure can beachieved through the bimolecular homodifunctional coupling of a linearpolymer with a small molecule linker or the unimolecular homodifunctional orheterodifunctional coupling of a linear polymer. The development of living andcontrolled polymerisation techniques has allowed the preparation of polymerswith high chain end functionality. Furthermore, in all ring-closure techniques,the use of highly efficient coupling reactions is crucial to ensure high puritycyclic polymers.In a bimolecular ring-closure strategy, the linear polymer first undergoes anintermolecular reaction with the small molecule linker, forming an intermediatespecies which then undergoes intramolecular cyclisation. Reactions areperformed at high dilution or pseudo-high dilution to avoid the intermediatespecies reacting with another polymer chain, however the concentration ofreactants must be sufficiently high for the first step of this method to beeffective. Furthermore, precise 1:1 stoichiometry of the linear polymer andsmall molecule linker is needed. To overcome the limitations of bimolecularring-closure, electrostatic interactions between the linear polymer chain endsand small molecule linker can be used to template cyclisation.177 In contrast, forunimolecular ring-closure techniques, high dilution alone is required tosuppress polymer-polymer coupling side reactions, as such this method has
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Figure 1.7. Synthesis of cyclic polymers via ring-closure.
been highly successful in the preparation of well-defined cyclic polymers and isgenerally favoured over bimolecular ring-closure.Ring-expansion techniques involve the successive insertion of a cyclic monomerinto a cyclic catalyst,178 initiator175 or propagating species78 (Figure 1.8). Ring-expansion techniques do not require high dilution and therefore afford cyclic
25
Ring-Expansion
Figure 1.8. Synthesis of cyclic polymers via ring-expansion.
polymers in considerably higher yields than ring-closure techniques. However,careful catalyst design is required to ensure the formation of high molecularweight cyclic polymers with low dispersities and to ensure elimination of thecatalyst from the final polymer.The advances made in cyclic polymer synthesis, controlled polymerisationtechniques and highly efficient coupling “click” reactions,179 have also allowedfor the preparation of a diverse range of cyclic polymer topologies includingtadpole,180 sun-shaped,181 theta-shaped,182 figure-of-eight183 and other multi-cyclic topologies 177 (Figure 1.9).
1.3.2 Topological EffectsCyclic polymers possess many unique physical properties in comparison totheir linear polymer analogues, in both bulk and solution.164, 166, 184 Thesedifferences provide opportunities for exploitation in many applications, as wellas increasing our fundamental understanding of structure-propertyrelationships. Cyclic polymers possess smaller hydrodynamic volumes185, 186and radii of gyration187, 188 in comparison to their linear counterparts as aconsequence of the more confined conformation of cyclic polymer chains. This
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Figure 1.9. Complex cyclic polymer architectures.167
difference has been exploited in the characterisation of cyclic polymers by sizeexclusion chromatography (SEC) analysis, where cyclic polymers exhibit longerretention times and therefore lower apparent molecular weights than theequivalent linear polymers of the same molecular weight.As a consequence of their smaller hydrodynamic volume and lack of chain ends,cyclic polymers exhibit significantly higher critical entanglement molecularweights than analogous linear polymers. Similarly, the solution viscosities andmelt viscosities of cyclic polymers are lower than the equivalent linearpolymers.187, 189 Interestingly, the melt viscosities of blends of cyclic and linearpolymers are higher than either component, as a consequence of the threadingof linear chains through cyclic polymer chains.190The glass transition temperatures (Tg) of analogous linear and cyclic polymersexhibit very different trends.191, 192 Cyclic polymers exhibit higher Tg values
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than their linear counterparts as a consequence of the different mobilities ofcyclic and linear polymers. Cyclic polymers are inherently less mobile thanlinear polymers because of their confined nature, smaller volumes and lack ofchain ends. Furthermore, because of a lack of polymer chain ends, cyclicpolymers show very little dependence of Tg on molecular weight, except at verylow molecular weights.191 The melting transition temperatures (Tm) of cyclicand linear polymers also exhibit similar differences in behaviour.Cyclic and linear polymers are known to exhibit different modes of diffusion.193The accepted mode of diffusion for linear polymers is a reptation mechanism;this process is governed by the mobility of the polymer chain ends. As cyclicpolymers do not possess chain ends, diffusion must occur by a differentmechanism, however this precise mode of diffusion has yet to be elucidated.The unique structural and physical properties of cyclic polymers have beenexploited in a variety of applications. Hawker and coworkers recently reportedthe use of cyclic block copolymers to prepare thin films for lithographyapplications, where the reduced volume of the cyclic polymer allowed a 30%decrease in domain spacing, compared to the corresponding linear diblockcopolymer (Figure 1.10).194 Zhang et al. prepared cyclic polymer based gels viaa combination of ring-opening metathesis polymerisation and thiol-enechemistry. The gels prepared from cyclic polymers were found to exhibitmarkedly different swelling and mechanical properties in comparison to theequivalent gels comprised of linear polymers.195 In addition, Szoka andcoworkers reported that cyclic polymers have longer in vivo circulation timesand higher tumor accumulation compared to linear analogues.196, 197
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Figure 1.10. AFM height images of cyclic and linear PS-b-PEO thin films (scale bar = 250 nm).194
1.4 Self-AssemblySelf-assembly is ubiquitous with nature and everyday life; the membranes ofliving cells are comprised of self-assembled phospholipids and countlesscleaning products and cosmetics contain self-assembled surfactants.Consequently, the solution self-assembly of amphiphilic molecules is an area ofsignificant research.198-203 Amphiphiles self-assemble in selective solvents tominimise unfavourable hydrophobic-hydrophilic interactions. A small moleculeamphiphile consists of a hydrophobic tail and a hydrophilic head group, and theresulting morphology of the self-assembled molecule is determined by thepacking parameter, p = ν/aolc, where ν is the volume of the hydrophobic tail, aois the contact area of the hydrophilic head group and lc is the length of thehydrophobic tail. Spherical micelles are favoured when p < 1/3, cylindricalmicelles are favoured when 1/3 < p < 1/2 and vesicles when 1/2 < p < 1.204
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1.4.1 Self-Assembly of Linear Block CopolymersThe major advancement of controlled polymerisation techniques has allowedthe preparation of well-defined amphiphilic polymers that will self-assembleinto well-defined aggregates in a selective solvent. Self-assembled polymericaggregates exhibit greater stability than small molecule aggregates,205 as aresult of their superior mechanical and physical properties, and consequentlypolymeric self-assemblies have been utilised as catalytic nanoreactors,206-208drug delivery vehicles137, 138, 209-216 and molecular imaging agents.136, 217 Amongthe different architectures of amphiphilic polymer, linear block copolymersystems are by far the most studied. As a result the self-assembly of linearblock copolymers is well established and has been extensively reviewed,138, 212,
218-221 most recently by Mai and Eisenberg.218A wide range of morphologies are accessible via the self-assembly of linearblock copolymers,222 including customary assemblies such as spherical andcylindrical micelles, vesicles and lamellae, as well as far more complexmorphologies including multi-compartment micelles,223, 224 helical micelles225and multi-lamellar “onion” vesicles.226 The resulting morphology of a blockcopolymer aggregate is determined by three factors which govern the freeenergy of the system: the degree of stretching of the core forming block, theinterfacial tension between the core and the solvated corona and the repulsiveinteractions of the corona chains.212, 218 Consequently, the morphology ofpolymeric assemblies can be influenced by a wide range of variables that affectthese three factors, including polymer composition, concentration, watercontent, assembly technique and the presence of additives. Furthermore, blockcopolymer assemblies may be defined as either thermodynamically stable or
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kinetically frozen, depending on the mobility of the constituent polymer chainsand employed method of assembly.227, 228
1.4.2 Self-Assembly of Cyclic PolymersThe chain architecture of amphiphilic polymers is also known to influence self-assembly behaviour, however reports of the self-assembly of non-linearpolymer architectures are relatively limited. The recent advancement ofcontrolled polymerisation techniques has allowed the preparation of a diverserange of amphiphilic non-linear polymers, including star, graft, branched andcyclic polymers, and consequently the self-assembly of non-linear polymers hasgained increasing interest.223, 229-239Interest in the solution self-assembly of cyclic polymers began in the mid1990s,240 not long after initial investigations into the solution self-assembly oflinear block copolymers. However, as a consequence of the synthetic difficultiesencountered in the preparation of well-defined, high purity cyclic polymers, thisarea of research remained comparatively limited. With the recentdevelopments in cyclic polymer preparation allowing these synthetic difficultiesto be overcome, studies of cyclic polymer self-assembly have receivedincreasing attention. Cyclic amphiphilic polymers are expected to displayunique self-assembly behaviour in comparison to linear polymers as aconsequence of the reduced conformational freedom of cyclic polymers andtheir smaller hydrodynamic volumes. The rest of this chapter will seek toprovide an overview of the limited, but growing field of cyclic polymer self-assembly in an attempt to elucidate the effect of cyclisation on aggregation.This overview will discuss the assembly of amphiphilic cyclic block copolymers,
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in addition to more complex amphiphilic cyclic architectures, highlightingtopological differences observed in comparison to the self-assembly behaviourof equivalent linear systems where appropriate.
1.4.2.1 Self-Assembly of Cyclic Block CopolymersThe earliest reported investigations into the effect of polymer cyclisation onself-assembly were undertaken by Booth and coworkers, studying cyclic diblockcopolymers comprised of either poly(ethylene oxide)-b-poly(butylene oxide)(cyclic-PEO-b-PBO) or poly(ethylene oxide)-b-poly(propylene oxide) (cyclic-PEO-b-PPO).240-242 The self-assembly behaviour of the cyclic diblockcopolymers was compared with the self-assembly of linear triblock copolymersand linear diblock copolymers of equivalent composition. The authors reportedsimilar aggregation behaviour for the cyclic diblock and linear triblockcopolymers, with both polymers forming micellar assemblies, with comparablevalues of hydrodynamic radii (Rh) and critical micelle concentrations (cmc).One notable difference was observed when comparing the aggregation numbers(Nagg) of the cyclic diblock and linear triblock assemblies, with values of Naggconsistently higher for the cyclic diblock micelles, suggesting that cyclic diblockassemblies are denser than the equivalent linear triblock assemblies. Whencomparing the cyclic diblock copolymers with the linear diblock copolymers, amore distinct difference in self-assembly behaviour was observed. The lineardiblock copolymer assemblies consistently exhibited significantly larger valuesof Rh and Nagg and lower cmc values, compared to both the cyclic diblock andlinear triblock systems.
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The findings of these initial studies can be explained by considering therespective conformation of the three polymer architectures in a micellar state(Figure 1.11). The cyclic diblock and linear triblock copolymers are entropicallydisfavoured because each polymer chain has two block junctions located at thesolvent-core interface, in comparison to linear diblock copolymers whichpossess only one block junction. To this end, the cmc values for cyclic diblockand linear triblock copolymers will be higher than the equivalent linear diblockassemblies. The relative size of the resulting assemblies will also be influencedby the conformation of the different architectures. As the core-forming block ofthe linear diblock copolymer assembly is not required to loop and can stretchwithout restriction, the value of Rh for a linear diblock micellar assembly isexpected to be larger than that of equivalent cyclic diblock or linear triblockassemblies. Furthermore, as a consequence of their unrestricted structure,
Figure 1.11. Chain conformations of linear diblock, cyclic diblock and linear triblockcopolymers in a micellar state.
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allowing better packing, linear diblock copolymer micelles are expected to bedenser than micelles comprised of the equivalent cyclic diblock or lineartriblock. In addition, because cyclic polymers possess smaller hydrodynamicvolumes than linear polymers, the assembly of the cyclic diblock copolymer isexpected to be smaller than the assembly of the linear triblock copolymer. Thusthe observed respective particle sizes of cyclic diblock, linear diblock and lineartriblock copolymers is a balance between their hydrodynamic volume,conformation and relative stretching and packing abilities. Booth andcoworkers concluded that the cyclic diblock and linear triblock polymers formcomparatively loose flower-like micelles, where the cyclic aggregate is smalleras a consequence of its smaller hydrodynamic volume. Whereas, the lineardiblock copolymers form more conventional densely packed star-like micelles.Subsequent studies by other research groups have also compared the self-assembly of cyclic diblock and linear diblock copolymers and reported similarfindings. Ge et al. studied the self-assembly of cyclic poly(2-(2-methoxy-ethoxy)ethyl methacrylate)-b-poly(oligo(ethylene glycol) methyl ether methacrylate)(cyclic-PMEO2MA-b-POEGMA) and cyclic poly(2-(dimethylamino) ethylmethacrylate)-b-poly(2-(diethylamino) ethyl methacrylate) (cyclic-PDMAEMA-
b-PDEAEMA) in comparison to linear diblock copolymers of the samecomposition.243 For both polymer systems, the cyclic diblock assemblyexhibited a smaller hydrodynamic radius and higher cmc value than theequivalent linear diblock copolymer. Additionally, Zhang et al. observed thatthe hydrodynamic diameter of cyclic poly(ethylene glycol)-b-poly(ε-caprolactone) (PEO-b-PCL) micelles was approximately half that of linear PEO-
b-PCL micelles (cyclic Dh = 15 nm, linear Dh = 27 nm) (Figure 1.12).244 Whereas,
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Figure 1.12. Light scattering data for cyclic and linear PCL-b-PEG.244
Hadjichristidis and coworkers reported a significantly larger aggregationnumber and hydrodynamic radius for aggregates of linear poly(styrene)-b-poly(butadiene) (PS-b-PBd) in DMF, a selective solvent for PS, in comparison tocyclic PS-b-PBd and linear PS-b-PBd-b-PS.245 Surprisingly, when the samepolymers were assembled in n-decane, a selective solvent for PBd, aggregates ofthe linear triblock copolymer, PS-b-PBd-b-PS, displayed the largest values of
Nagg and Rh.Isono et al. reported the self-assembly of cyclic poly(decyl glycidyl ether)-b-poly(2-(2-(2-methoxyethoxy)ethoxy ethyl glycidyl ether) and the equivalentlinear diblock copolymer.246 In contrast to previous examples, it was observed
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that the cyclic diblock copolymer assemblies were larger than the assemblies ofthe linear diblock (cyclic Dh = 166 nm, linear Dh = 122 nm). However,considering the fully extended chain lengths of the linear and cyclic copolymers,these assemblies cannot be classical core-shell micelles and indeed furtheranalysis of the assemblies by transmission electron microscopy (TEM) revealedlarge spherical compound structures. The increased complexity of theseaggregates makes it harder to elucidate the effect of cyclisation on the particledimensions. However, the observed difference in particle size may result fromthe reduced packing ability of cyclic polymer chains compared to linearpolymers, resulting in a greater value of Dh for the cyclic diblock assembly.Yamamoto and Tezuka compared the self-assembly behaviour of cyclicpoly(butyl acrylate)-b-poly(ethylene oxide) (PBA-b-PEO) with respect to thelinear triblock PBA-b-PEO-b-PBA.247 Upon micellisation the hydrophilic block ofthe linear triblock copolymer is looped and in contrast to previous studies thelinear triblock assembly is conformationally restricted in the corona and not thecore. The cyclic diblock and linear triblock assemblies displayed comparablevalues of Dh and cmc (cyclic Dh = 20 nm, cmc = 0.14 mg/mL, linear Dh = 20 nm,cmc = 0.13 mg/mL). However, significantly different thermal stabilities wereexhibited by the cyclic and linear assemblies, with the cyclic micelles displayingcloud points > 40 °C higher than the linear micelles. The lower thermal stabilityof the linear assemblies was attributed to the occurrence of inter-micellebridging via dangling polymer chains in combination with dehydration,resulting in agglomeration at lower temperatures. In comparison, the cyclicpolymer chains cannot form inter-micelle bridges and agglomeration will onlyoccur as a consequence of polymer dehydration (Figure 1.13). Through
Figure 1.13. Modes of temperalinear triblock PBA-b-PEO
coassembly of the cyclic and linear polymers, micelles with tuntemperatures were observed. The same group has also reported that micellesof cyclic PBA-b-PEO and cyclic poly(methyl acrylate)(PMA-b-PEO) exhibit greater robustness in response to salt additives (NaCl andMgSO4), when compared to their linear PBAPMA counterparts.248diblock assemblies were exploited through tin reactions that required elevated temperatures and high salt concentrations.Yamamoto and Ree have subsescattering investigationthe cyclic PBA-b-PEO and linear PBABoth micelles were found to exhibit a core36
ture induced agglomeration for cyclic diblock-b-PBA flower-like micelles.247
-b-poly(ethylene oxide)
-b-PEO-b-PBA and PMAThe greater thermal and salt stabilities of the cyclicheir use as catalytic nanoreactors
quently reported a detailedthat highlighted subtle structural differe-b-PEO-b-PBA assemblies-fuzzy-shell structure, however the
PBA-b-PEO and
able cloud point
-b-PEO-b-
small angle x-raynces between(Figure 1.14).249
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Figure 1.14. Structural representations of cyclic diblock PBA-b-PEO and linear triblock PBA-b-PEO-b-PBA micelles, structural parameters obtained from SAXS analysis.249
core and corona of the cyclic diblock copolymer micelle were more compactthan the linear triblock copolymer micelle, as a result of the greaterconfinement and smaller effective volume of cyclic polymers.The work highlighted so far has focused on the aggregation of cyclic blockcopolymers that possess a longer hydrophilic block relative to the hydrophobic
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block or comparable hydrophilic and hydrophobic block lengths; such polymersassemble to form so-called “star-like” micelles. Borsali and coworkers reportedthe self-assembly behaviour of cyclic poly(styrene)-b-poly(isoprene) (PS-b-PI)copolymers, that possess a significantly longer core-forming PS block than thecorona-forming PI block; these assemblies are commonly referred to as “crew-cut”.250-256 In contrast to the “star-like” assemblies discussed above, these“crew-cut” assemblies exhibited much greater structural and morphologicaldifferences with respect to their linear PS-b-PI analogues. The linear PS-b-PIcopolymers were observed to form spherical micelles of consistent size and lowdispersities, regardless of polymer concentration, temperature or solventchoice (n-alkane length). However, the morphology of the cyclic PS-b-PIcopolymers was found to change dramatically as these parameters were variedand a transition from spherical flower-like micelles to giant worm-like micelleswas observed (Figures 1.15 and 1.16). As was discussed in previous examples,the contrasting self-assembly behaviour between the cyclic and linear polymersarose as a result of the looped nature of the PS core block of the cyclic polymerassembly, restricting the packing of the core and resulting in unfavourable PS-solvent interactions. However, as a consequence of the large hydrophobic blockin these “crew-cut” assemblies, the effect is more pronounced compared toexamples of “star-like” micelles. To minimise unfavourable PS-solventinteractions, the flower-like micelles of the cyclic diblock copolymer cohereforming more energetically favourable worm-like micelles. The transition fromflower-like micelles to worm-like micelles is more pronounced as polymerconcentration and temperature are increased, as the probability of cohesivecollisions increases. Furthermore, as the solvent quality for PS is reduced (n-
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Figure 1.15. Contrasting self-assembly behaviour of linear and cyclic PS-b-PI.252
Figure 1.16. (A) Cryo-TEM image of linear PS-b-PI, (B) cryo-TEM image of cyclic PS-b-PI, (C)AFM image of linear PS-b-PI, (D) AFM image of cyclic PS-b-PI.250
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pentane < n-heptane < n-decane), the driving force for cohesion is greater.Conversely, without the restrictive loop structure the spherical micelles of thelinear polymer are more energetically favourable than the equivalent cyclicassemblies and possess no driving force for cohesion.
1.4.2.2 Self-Assembly of Complex Cyclic ArchitecturesIn addition to the self-assembly of amphiphilic cyclic diblock copolymers, someexamples of the self-assembly of more complex amphiphilic cyclic architectureshave been reported. Wan et al. reported the self-assembly of an amphiphilictadpole-shaped polymer; where a tadpole-shaped polymer consists of a cyclicpolymer attached to a linear polymer chain.257 The ring of the tadpole consistedof hydrophilic poly(N-isopropylacrylamide) (PNiPAm), whereas the linear tail
consisted of hydrophobic poly(ε-caprolactone) (PCL).  When the self-assembly behaviour of the amphiphilic tadpole was compared with that of the equivalentlinear diblock assembly, the tadpole-shaped polymer was reported to formslightly larger assemblies than the linear diblock copolymer (tadpole Rh =70 nm, linear Rh = 62 nm). This suggested that the incorporation of cycles in thetadpole-shaped polymer hindered packing of the polymer during aggregation,resulting in larger, less compact particles. As the values of Rh for both thetadpole-shaped polymer and linear polymer were larger than the maximumpolymer chain length, the particles were ascribed to large compound structures.The viability of these tadpole and linear assemblies as drug carriers wasinvestigated by loading the particles with doxorubicin hydrochloride andmonitoring the subsequent release of the drug. The assemblies consisting of thetadpole-shaped polymer were found to exhibit faster release profiles,
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confirming the less compact nature of the assembly compared to the equivalentlinear system.In direct contrast, when Isono et al. studied the self-assembly of tadpole-shapedpolymers with a hydrophilic ring (poly(2-(2-(2-methoxyethoxy)ethoxy ethylglycidyl ether)) and hydrophobic tail (poly(decyl glycidyl ether)), the tadpoleassemblies displayed a significantly smaller solution diameter than theequivalent linear assemblies (tadpole Dh = 83 nm, linear Dh = 123 nm).246 Theseaggregates were also reported to be large compound structures.The self-assembly behaviour of tadpole-shaped polymers comprised of ahydrophobic ring and a hydrophilic tail has also been studied. Dong et al.prepared tadpole-shaped polymers with a poly(styrene) ring and apoly(ethylene oxide) tail.258 Subsequent self-assembly afforded vesicles with anaverage solution diameter of 160 nm, whereas vesicles prepared from theanalogous linear PS-b-PEO copolymer displayed a smaller solution diameter of70 nm (Figure 1.17).Lonsdale and Monteiro compared the self-assembly behaviour of differenttadpole architectures comprised of hydrophobic poly(styrene) rings andhydrophilic poly(acrylic acid) (PAA) tails.259 Depending on the block length of
Figure 1.17. TEM images of (a) linear PS-b-PEO and (b) tadpole PS-b-PEO.258
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the PAA tails, either “star-like” micelles or “crew-cut” vesicles were formedduring self-assembly (Figure 1.18). Assemblies that possessed two PAA tailsbut only one PS ring formed the smallest structures because the presence of asecond hydrophilic tail increased the hydrophilic volume of the polymer andtherefore the curvature of the assembly. Conversely, as a consequence ofreduced hydrophilic volume, assemblies with only one PAA tail but two PS ringsformed the largest structures. The greater restriction of two polymer rings perchain may also hinder the packing of the hydrophobic block in comparison to
Figure 1.18. TEM images of PS-b-PAA tadpole-shaped polymers with varying architectures.259
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the tadpole- shaped polymers with only one ring, contributing to the larger sizeof this assembly.Similarly, when Fan et al. studied the self-assembly of an amphiphilic figure-of-eight shaped polymer in comparison to its precursor, a 4-armed amphiphilicstar polymer, the assembly of the figure-of-eight shaped polymer exhibited asignificantly larger solution diameter (figure-of-eight Dh = 42 nm, star Dh = 18nm).260 The 4-armed star polymer consisted of two PS arms and two PEO arms,whereas both rings in the figure-of-eight shaped polymer possessed a diblockPS-b-PEO structure. The conformation of the figure-of-eight shaped polymer isextremely restricted upon aggregation, which greatly limits its ability to packduring self-assembly and results in a considerably larger micelle size comparedto the star copolymer system. Furthermore, micelles of this particular figure-of-eight polymer possess three core-solvent junctions reducing their entropicfavourability, whereas micelles comprised of the star copolymer possess onlyone core-solvent junction per chain.The self-assembly of jellyfish-shaped amphiphilic polymers has also beenbriefly investigated. Cai et al. prepared jellyfish-shaped polymers with ahydrophobic block copolymer ring comprised of PCL andpoly(pentafluorostyrene) (PPFS), with hydrophilic PEG side arms attached tothe latter block, yielding cyclic PCL-b-P(PFS-g-PEG).261 Upon self-assembly inwater, spherical micelles with a diameter of 50 - 60 nm were observed byscanning electron microscopy (SEM). No comparison with an equivalent linearstructure was reported by the authors. In another example, Coulembier et al.prepared jellyfish-shaped polymers with a cyclic poly(L-lactide) (PLLA)backbone and three poly(methyl methacrylate) (PMMA) side arms.262 When a
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solution of the polymer in THF was deposited on a mica substrate and analysedby atomic force microscopy (AFM), short cylindrical structures, toroids andother structures were observed (Figure 1.19). The height and width of thecylinders and toroids corresponded to the diameter of the PLLA ring, suggestingthe jellyfish assembled in a cofacial manner.In a similar manner, Schappacher and Deffieux prepared well-defined polymericnanotubes via the self-assembly of densely grafted, high molecular weight cyclicbrush copolymers.263 The cyclic polymer backbone consisted ofpoly(chloroethyl vinyl ether) that had been grafted with a mixture of randomlydistributed PS and PI arms. The cyclic brush copolymers were found to self-assemble in heptane, a selective solvent for PI, to afford nanotubes with adiameter of ca. 100 nm and length of up to 700 nm (Figure 1.20). The diameterof the assemblies corresponded to the diameter of the cyclic brushes, again
Figure 1.19. AFM phase images of PLLA-g-PMMA jellyfish (left image size = 1 µm x 1 µm, rightimage sizes = 100 nm x 100 nm).262
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Figure 1.20. (Top) Preparation of PS and PS/PI cyclic brush copolymers. (Bottom) AFM imagesof PS/PI nanotubes.263
suggesting self-assembly occurred in a cofacial manner between cyclic brushcopolymers.These last two examples highlight the unique and significant self-assemblybehaviour of polymers that possess a cyclic architecture, where these particularexamples of self-assembly are impossible to achieve with polymers of a lineararchitecture.
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1.5 ConclusionsIn this chapter, the concept of living and controlled polymerisation techniqueshas been introduced, with particular attention given to the polymerisationtechniques utilised in this thesis, namely organocatalytic ROP and RAFTpolymerisation. The development of versatile methodologies to preparefunctional aliphatic polycarbonates has also been discussed, and will be usedand expanded in later chapters.An introduction to the unique structural and physical properties of cyclicpolymers has been given. Significant developments in the synthesis of highpurity well-defined cyclic polymers have greatly expanded this field of research,which continues to grow. In particular, the cyclisation of amphiphilic polymerscan have a profound effect of their self-assembly behaviour. A review of theself-assembly of cyclic polymers highlighted the effect cyclisation can have onparticle dimensions, particle morphology and the packing of polymer chainswithin assemblies. Furthermore, the cyclisation of amphiphilic polymers canresult in unique self-assembly behaviour that cannot be achieved through theself-assembly of linear polymers.
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2 Orthogonal Modification of Norbornene-Functional
Polycarbonates
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2.1 IntroductionThe design and synthesis of highly functional polymers is essential to fulfill thedemands of advanced applications in materials science. Functional polymerscan be prepared via two approaches; the synthesis and polymerisation ofspecifically designed functional monomers or the post-polymerisationmodification of a polymer scaffold containing reactive groups. The latter ofthese approaches is particularly attractive as it allows the incorporation offunctionalities that may be difficult to polymerise or incompatible with thechosen polymerisation technique and can be used to prepare a library offunctional polymers with relative ease, avoiding the need to optimise multiplemonomer syntheses and polymerisation conditions. A variety of highly efficientchemistries including “click” reactions have successfully been applied to thepreparation of functional polymers via a post-polymerisation route.1-8 Recentwork has seen the development of polymer scaffolds containing two or morereactive functionalities, allowing the preparation of multifunctional materials
via orthogonal modifications and illustrating the utility of a post-polymerisationmodification approach.6, 8-13The development of a cyclic carbonate monomer scaffold based around 2,2’-bis(hydroxymethyl) propionic acid (bis-MPA) has enabled the preparation andsubsequent polymerisation of a range of functional cyclic carbonatemonomers.14, 15 Methods to further functionalise such polymers allows facileaccess to a wider range of functional materials and the incorporation offunctionalities that are incompatible with ROP or those of significant steric bulk,that would hinder polymerisation if incorporated into the monomer prior toROP via reduction of monomer ring-strain. Recent work by the groups of Dove
68
and others has demonstrated the post-polymerisation modification ofpolycarbonates bearing pendent allyl,16-19 maleimide,20 (meth)acrylic,21 vinyl-sulfone,22 alkyne23-25 and azide groups.26, 27To expand the scope of post-polymerisation functionalisation strategies thework in this chapter aimed to design a polycarbonate scaffold containing areactive functionality that could undergo multiple orthogonal modificationreactions by simply varying reaction stimuli, such as temperature or UVirradiation. The norbornenyl group is an attractive reactive handle for such apurpose. As a consequence of their highly strained ring structure, norbornenesexhibit extremely high reactivity during thermal and UV initiated thiol-eneradical additions,28-31 are excellent dienophiles in the inverse electron demandDiels-Alder reaction with tetrazines,32-37 undergo reaction in 1,3-dipolarcycloadditions38-42 and are the archetypal monomers for ring-openingmetathesis polymerisations.43, 44Hence, in this chapter, the synthesis and ROP of a novel norbornene-functionalcyclic carbonate monomer for the preparation of multi-reactive polymerscaffolds and their subsequent post-polymerisation functionalisation via theheat promoted 1,3-dipolar cycloaddition reaction with azides, the inverseelectron demand Diels-Alder reaction with tetrazines and the radical addition ofthiols promoted by UV irradiation is reported, demonstrating thefunctionalisation chemistries both individually and in a sequential one-potreaction. Furthermore, the norbornene-functional polycarbonates are utilisedin the preparation of degradable graft copolymers via radical thiol-enechemistry.
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2.2 Results and Discussion
2.2.1 Monomer SynthesisThe norbornene-functional cyclic carbonate monomer, 4, was prepared in threesteps from the acetonide-protected analogue of 2,2’-bis(hydroxymethyl)propionic acid, 1, that in turn was prepared according to the literature.45Coupling of 1 with an endo/exo mixture of 5-norbornene-2-methanol in thepresence of N-(3-dimethyl-aminopropyl)-N’-ethylcarbodiimide hydrochloride(EDC.HCl) and 4-(dimethylamino)pyridine (DMAP), followed by hydrolysis ofthe acetyl groups of 2 with DOWEX 50W-X2 resin, yielded the norbornene-functional diol 3. The norbornene-functional cyclic carbonate monomer 4 wassubsequently formed by ring-closure using triphosgene and an excess ofpyridine to trap hydrochloric acid. The product was isolated as a mixture of
endo and exo isomers (endo:exo = 60:40) in 49% overall yield afterrecrystallisation from hot cyclohexane (Scheme 2.1).Analysis of monomer 4 by 1H NMR spectroscopy revealed signals thatcorrespond to both norbornene and cyclic carbonate functionality, in particular,
Scheme 2.1. Synthesis of norbornene-functional cyclic carbonate monomer, 4.
the characteristic multipletto the norbornene alkene protonssignals at δ = 4.70 andthe CH2 groups of theto the norbornene double bond were alsothe monomer, at δ = 137.8ppm that correspondisomers (Figure 2.2)confirmed by elemental analysis and mass spectrometry
2.2.2 Ring-OpeningInitial studies of the ringor CH2Cl2 at room temperatureene (DBU) and 1-(3,5cocatalysts.14, 46 Monomer conversion was followed bycomparing the reduction of the CH
Figure 2.1. 1 70
resonances at δ = 6.19 - 5.91 ppm that correspondof both the endo and exo4.20 ppm that correspond to the inequivalent protons ofcarbonate ring (Figure 2.1). Resonances that correspondobserved in the 13C NMR spect– 131.9 ppm, as well as the resonances to the carbonate carbonyl group of both. The expected structure of monomer.
Polymerisation Studies-opening polymerisation of 4 were conducted in CDCl(Scheme 2.2), using 1,8-diazabicy-bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea
1H NMR spectroscopy by
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Scheme 2.2. Ring-opening polymerisation of monomerpolycarbonates.
= 4.70 and 4.20 ppmcorresponds to the CHwere quenched at monomer conversionsbefore purification bydichloromethane, then 100% ethyl acetate)catalyst.
71
3C NMR spectrum (100 MHz; CDCl3) of monomer 4
O
O
N
N N
H
N
H
S
CF3
F3C
5
5 mol%
OH
CH2Cl2, rt
DBU
1 mol%
4 to prepare norbornene
, with the appearance of a broad signal at
2 groups of the polycarbonate backbone. Polymeris
≥ 90% with acidic Amberlyst resin, flash column chromatographyto remove residual monomer and
(*CDCl3).
O O
H
OO
n
-functional
δ = 4.29 ppm thatations
(silica, 100%
72
Application of 1 mol% of DBU and 5 mol% of cocatalyst 5, with benzyl alcoholas the polymerisation initiator, an initial monomer-to-initiator ratio ([M]0/[I]0)of 20 and initial monomer concentration of 0.5 M, resulted in 90% monomerconversion after 7 h (Figure 2.3). Analysis of the resulting polymer by sizeexclusion chromatography (SEC) after purification revealed a monomodal tracewith a low dispersity value, ÐM, of 1.14 and number-average molecular weight,
Mn, of 4.9 kDa (Figure 2.4). Further analysis of the polymer by 1H NMRspectroscopy confirmed a degree of polymerisation (DP) of 19 by comparison ofthe integral of the aromatic protons of the benzyl carbonate polymer end-group,at δ = 7.36 ppm, against resonances of the CH2 and CH3 groups of thepolycarbonate backbone at δ = 4.29 and 1.26 ppm respectively (Figure 2.5).The 1H NMR spectra of the polymer also revealed complete preservation of thependent norbornene groups at δ = 6.15 – 5.91 ppm, indicating no deleteriousside reactions of the norbornene functionality occurred during polymerisation.
Figure 2.3. Plot of time (min) against monomer conversion (%) for the ring-openingpolymerisation of 4. Conditions: [4] = 0.5 M, CDCl3 at 25 °C, [M]/[I] = 20 using benzyl alcohol asinitiator and 1 mol% DBU and 5 mol% 5.
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Figure 2.4. SEC chromatogram1.09). Conditions: [M]/[I] = 20, using benzyl alcohol as initiator and 1 mol% DBU and 5 mol%
Figure 2.5. 1H NMR spectrum[M]/[I] = 20 (*CHCl3, **H
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of norbornene-functional polycarbonate
(400 MHz; CDCl3) of norbornene-functional2O, *** petroleum ether).
ation time-of-flight mass spectrometry-charged distributionmolecular weight of the monomer repeat unit (-group, demonstrating the extremely hignature of the polymerisation (Figure 2.6 and Table 2.1)
1000 10000 100000
Mw (Mn = 4.8 kDa, ÐM =
5.
polycarbonate,
with regular
m/z = 266)h end-group.
Figure 2.6. MALDI-TOF mass spectrum of norbornenebenzyl alcohol, [M]/[I] = 20.
Table 2.1. Theoretical and observed
DP78910
aDetermined by MALDIpropylidene]malonitrile (DCTB)and PEG monomethyl ether 2k and 5k standards.
As a consequence of theusing 1 mol% of DBU and 5 mol% of thioureaoptimisation of the ROP conditions was undertaken.
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-functional polycarbonate
m/z values of norbornene-functional polycarbonate
Experimental m/za Calculated1993.9972260.1192526.2722792.437-TOF MS analysis using trans-2-[3-(4-tert-butylphenyl)as a matrix, sodium trifluoroacetate as the cationisation
controlled nature of the polymerisation ofcocatalyst
initiated from
.
m/z1993.8552259.972526.0862792.201-2-methyl-2-agent
monomer 4,
5, no further
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Further investigation of the living characteristics of the polymerisation of 4revealed a linear correlation between Mn(SEC) and monomer conversion(Figure 2.7), whilst also retaining low dispersity values (ÐM < 1.2) andmonomodal SEC chromatograms throughout the polymerisation (Figure 2.8). Alinear relationship was also observed between and Mn(SEC) and [M]0/[I]0(Figure 2.9), highlighting the ability to prepare a range of norbornene-functional polycarbonates with targeted and predictable molecular weights(Figure 2.10). All observations suggest that the polymerisation of 4 proceeds ina controlled and living manner and highlights the orthogonality of thenorbornene functionality with respect to the organocatalysed ROP of cycliccarbonates.
Figure 2.7. Plot of Mn(SEC) (kDa) against monomer conversion (%) and dispersity, ÐM, againstmonomer conversion (%) for the ring-opening polymerisation of 4. Conditions: [4] = 0.5 M,[M]/[I] = 20, using 1 mol% DBU and 5 mol% 5 and benzyl alcohol as the polymerisationinitiator.
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Figure 2.8. Evolution of SEC chromatograms for the ROP of 4. Conditions: [4] = 0.5 M, [M]/[I] =20, using 1 mol% DBU and 5 mol% 5 and benzyl alcohol as the polymerisation initiator.
Figure 2.9. Plot of Mn(SEC) (kDa) against [M]/[I] for the ROP of 4. Conditions: [4] = 0.5 M, using1 mol% DBU and 5 mol% 5 and benzyl alcohol as the polymerisation initiator.
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Figure 2.10. SEC chromatograms of norbornene-functional polycarbonates with varying[M]/[I]. Conditions: [4] = 0.5 M, using 1 mol% DBU, 5 mol% 5 and benzyl alcohol as initiator.
2.2.3 Post-Polymerisation Functionalisation of Norbornene-Functional
PolycarbonatesFollowing the successful preparation of well-defined norbornene functionalisedpolycarbonates, a range of post-polymerisation modifications wereinvestigated; namely the 1,3-dipolar cycloaddition of norbornenes and azides,the inverse electron demand Diels-Alder (DAinv) reaction between norbornenesand tetrazines and the radical addition of thiols to norbornenes (Scheme 2.3).The polymer modifications were initially studied separately using anorbornene-functional polycarbonate with a DP of 100 (6, Mn = 24.5 kDa, ÐM =1.11), as well as a lower molecular weight polycarbonate of DP 12 (7, Mn = 2.8kDa, ÐM = 1.21) to assist with the ready characterisation of the modifiedpolymers by MALDI-ToF MS. 1,4-Dioxane was chosen as the reaction solventfor all polymer modifications as it is an excellent solvent for polycarbonates andwas found to be compatible with all three reactions.
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Scheme 2.3. Functionalisations of norbornene-functional polycarbonates.
2.2.3.1 Post-Polymerisation Functionalisation of Norbornene-
Functional Polycarbonates: Norbornene-Azide 1,3-Dipolar CycloadditionAs a consequence of the limited number of reports of norbornene-azide 1,3-dipolar cycloadditions in the literature,42, 47, 48 a model reaction between benzylazide and 5-norbornene-2-methanol was performed prior to polymerfunctionalisation (Scheme 2.4). Previous reports of norbornene-azidecycloadditions used elevated temperatures and/or extended reaction times,hence 1.05 equivalents of azide and 1 equivalent of small molecule norbornene
79
Scheme 2.4. Small molecule model reaction for the 1,3-dipolar norbornene-azide cycloaddition.
were heated at 90 °C in 1,4-dioxane and the reaction followed by 1H NMRspectroscopy over several days. Monitoring the reduction of resonances thatcorrespond to the norbornene double bond revealed a conversion of 63% after14 h, increasing to 89% conversion after 2 days (Figure 2.11).Based on these findings, a significantly larger excess of benzyl azide (10equivalents) was used for polymer functionalisations, to drive the reaction tocompletion and also shorten reaction times as the occurrence of degradationwas anticipated for the prolonged heating of the polymer in solution. Indeed,degradation of the polycarbonate backbone was observed after 36 h of heatingat 90 °C in the presence of benzyl azide, as evidenced by the appearance of a lowmolecular weight tail during SEC analysis and broadening of molecular weightdistribution (ÐM = 1.68) (Figure 2.12). However, monitoring the polymerfunctionalisations by 1H NMR spectroscopy revealed that after only 14 h > 99%of the norbornene units had been consumed, as evidenced by the reduction ofresonances at δ = 6.15 – 5.91 ppm that correspond to the norbornene doublebond. The modified polymers were precipitated into cold methanol to removeexcess benzyl azide before being further analysed. SEC analysis of theprecipitated polymers after 14 h of heating at 90 °C in the presence of benzylazide showed an increase in molecular weight, from Mn = 24.5 to 25.6 kDa (6a,DP = 100) and Mn = 2.8 to 4.9 kDa (7a, DP = 12), while the dispersities of thepolymers remained low (ÐM = 1.16 and 1.10) (Figure 2.13).
Figure 2.11. Expansion (norbornene-2-methanol, (reaction mixture after 2 days
80
δ = 6.15 – 5.91 ppm) of 1H NMR spectra (400 MHz; CDCl
b) benzyl azide, (c) crude reaction mixture after 14 h(*CHCl3, ** CH2Cl2). 3) of (a) 5-and (d) crude
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Figure 2.12. SEC chromatogram of DP 12 norbornene-functional polycarbonate after heating inthe presence of benzyl azide for 36 h (Mn = 3.4 kDa, ÐM = 1.68).
Figure 2.13. (Left) SEC chromatogram of DP 12 norbornene-functional polycarbonate before(7, Mn = 2.8 kDa, ÐM = 1.21) and after functionalisation with benzyl azide (7a, Mn = 4.9 kDa, ÐM =1.10). (Right) SEC chromatogram of DP 100 norbornene-functional polycarbonate before (6, Mn= 24.5 kDa, ÐM = 1.14) and after functionalisation with benzyl azide (6a, Mn = 25.6 kDa, ÐM =1.16).
The 1H NMR spectra of the purified polymers show the appearance of newresonances that correspond to the aromatic and benzyl protons of thecycloaddition product at δ = 7.35 – 7.21 ppm and δ = 4.91 – 4.64 ppm
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respectively and the two protons of the newly formed triazoline ring at– 4.33 ppm and δ = 3.05Analysis of the DP 12 polymercharged distribution consistent withnorbornene groups, forming the expected triazoline cycloadductan increase of repeat unit fromdistribution of much lower intensthe loss of molecular nitrogen from one pendewas postulated that this loforming the corresponding aziridinegeneration of aziridines from norbornene derived triazolines under photochemical conditions has been previously reported.power used during MALDIsecond distribution and revealed the appearance of other minor distributionsthat correspond to polymer chains with two or more aziridine groups.
Figure 2.14. 1H NMR spectrumpolycarbonate after functionalisation with benzyl azide
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– 3.38 ppm (Figure 2.14).(7a) by MALDI-ToF MS revealed a new sodiumthe addition of benzyl azide to the pendent
m/z = 266 to 399 (Figure 2ity was also observed, whichnt group per polymer chainss of nitrogen occurs upon ionisation by the laser
via photolysis (Scheme 2.5)
48, 49 Increasing the laser-ToF MS analysis increased the intensity of this
(400 MHz; CDCl3) of DP 100 norbornene
6a (*CHCl3).
δ = 4.68
-
as observed by.15). A secondcorresponds to. It,. In fact, the-
-functional
Figure 2.15. MALDI-TOF MS analysis (reflectron mode) of DP 12 norbornenepolycarbonate before (7
Table 2.2. Theoretical and observed
DP4567
aDetermined by MALDIpropylidene]malonitrile (DCTB)and PEG monomethyl ether 2k and 5k standards.
Scheme 2.5. Norborneneproduct to an aziridine.
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) (top) and after (7a) (bottom) functionalisation with benzyl azide.
m/z values of benzyl azide functionalisation
Experimental m/za Calculated1727.72126.92526.12925.3-TOF MS analysis using trans-2-[3-(4-tert-butylphenyl)as a matrix, sodium trifluoroacetate as the cationisation agent
N N
N
R
hvRN3
- N2
-azide 1,3-dipolar cycloaddition and photolysis o
-functional
.
m/z1727.82126.92526.12925.3-2-methyl-2-
N
R
f the triazoline
The norbornene-azide cycloaddition was further demonstrated usingtriethyleneglycol (TEG) monomethyl etherfunctional polycarbonateconfirmed by 1H NMR spectroscopic analysis, evidenced by theof the norbornene double bondresonances at δ = 3.65, 3.56 a(Figure 2.16). The molecular weight distribution of the polymernarrow after functionalisfrom Mn = 2.8 to 4.4Similar to vinyl polymerpolycarbonate, 7b,cloud point was determinedturbidity of the solution (heating/cooling cycle. A
versus temperature corresponding to a cloud point
Figure 2.16. 1H NMR spectrumpolycarbonate after functionalisation with TEG azide84
azide to functionalise
7 (DP = 12). The successful functionalis
resonances and the appearancend 3.39 ppm that correspond to the
ation (ÐM = 1.14), with an increase in molecular weightkDa observed by SEC analysis (Figure 2.17s composed of TEG (meth)acrylate, thewas found to exhibit a cloud point in aqueous solution.using UV/vis spectroscopy, by measuring th1 mg/mL) at various temperatures with a 1transition was observed in the plot of transmittanceof 17 °C (Figure 2.18
(400 MHz; CDCl3) of DP 12 norbornene
7b (*CHCl3).
norbornene-ation was> 99% reductionof threeTEG groupremained
). TEG-functionalThee°C/min
) and
-functional
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demonstrates how post-polymerisation functionalisation can provide access tothermoresponsive hydrophilic polycarbonates.
Figure 2.17. SEC chromatogram of DP 12 norbornene-functional polycarbonate before (7, Mn =2.8 kDa, ÐM = 1.21) and after functionalisation with benzyl azide (7b, Mn = 4.4 kDa, ÐM = 1.14).
Figure 2.18. Plot of % transmittance against temperature (°C) for heating cycle of TEG-functional polycarbonate (7b) at 1 mg/mL in nanopure water, heating/cooling rate = 1 °C/min.
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2.2.3.2 Post-Polymerisation Functionalisation of Norbornene
Functional Polycarbonate
Demand Diels-Alder ReactionThe inverse electron demand Dielsnorbornenes has recently been shown toend-group functionaliscoupling reactions, where the reactionrange of organic solvents and aqueous media at room temperaturein this study an equimolar amount of1,2,4,5-tetrazine to pendent norbornene functionality was used and reactionmixtures were stirred for 10 h at room temperaturetime, the characteristic coloconsumed indicatedNMR spectroscopyresonances at δ = 6.15
Figure 2.19. 1H NMR spectrumpolycarbonate after functionalisation with 86
s: Norbornene-Tetrazine Inverse Electron
-Alder reaction between tetrazines andbe quantitative for theation of polymers, in addition to polymerproceeds with excellent efficiency in a
commercially available
in 1,4-dioxaneur change from pink to pale yellowcompletion of the reaction, as was further confirmed bythat revealed a complete loss of the norbornene alkene– 5.91 ppm. After precipitation into hexane, the
(400 MHz; CDCl3) of DP 100 norbornene3,6-di-2-pyridyl-1,2,4,5-tetrazine
-
side-chain and-polymer
.34, 50 Hence,3,6-di-2-pyridyl-
. During thisas tetrazine is
1H
1H NMR
-functional(*CHCl3, ** H2O).
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spectra of the isolated polymers show the appearance of new resonances,between δ = 8.68 and 7.18 ppm, that correspond to the aromatic protons of thenorbornene-tetrazine cycloadduct (Figure 2.19). The major conjugationproduct was assigned to the fully aromatic pyradizine group, however a smallamount of unoxidised dihydropyradizine was also observed, as evidenced bythe characteristic NH resonance at δ = 9.31 ppm. The functionalised polymersexhibited narrow molecular weight distributions and low dispersity values bySEC analysis (ÐM = 1.08 and 1.23), indicating the cycloaddition betweennorbornenes and tetrazines is compatible with polycarbonates (Figure 2.20).Both the DP = 100 (6c) and DP = 12 (7c) modified polymers revealed littlechange in retention time and apparent molecular weight. This was attributed toa change in solubility of the functionalised polymers in the SEC eluent, hencethe hydrodynamic volume of the polymers remained similar before and after
Figure 2.20. (Left) SEC chromatogram of DP 12 norbornene-functional polycarbonate before(7, Mn = 2.8 kDa, ÐM = 1.21) and after functionalisation with dipyridyltetrazine (7c, Mn = 3.5 kDa,
ÐM = 1.23). (Right) SEC chromatogram of DP 100 norbornene-functional polycarbonate before(6, Mn = 24.5 kDa, ÐM = 1.11) and after functionalisation with dipyridyltetrazine (6c, Mn = 25.7kDa, ÐM = 1.08).
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functionalisation, despite theToF MS analysis of the DPmolecular weight of theto the addition of dipyridyltetrazine2.3). In addition to the major sodiumdistribution of much smaller inpolymer chains was also observed.
Figure 2.21. MALDI-ToF MS analysis (reflectron mode) of DP 12 norbornenepolycarbonate before (71,2,4,5-tetrazine.
88
significant increase in molecular weight= 12 polymer (7c) revealed an increaserepeat unit from m/z = 266 to 474, whichto each repeat unit (Figure 2.21 and Table-charged distribution, atensity that corresponds to
) (top) and after (7c) (bottom) functionalisation with
. MALDI-in thecorresponds
secondproton-charged
-functional3,6-di-2-pyridyl-
89
Table 2.3. Theoretical and observed m/z values of dipyridyltetrazine functionalisation.
DP Experimental m/za Calculated m/z4 2028.0 2027.85 2502.3 2502.06 2976.6 2976.27 3450.9 3450.4
aDetermined by MALDI-TOF MS analysis using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propylidene]malonitrile (DCTB) as a matrix, sodium trifluoroacetate as the cationisation agentand PEG monomethyl ether 2k and 5k standards.
2.2.3.3 Post-Polymerisation Functionalisation of Norbornene-
Functional Polycarbonates: Norbornene -Thiol Radical AdditionFor the radical addition of thiols to the norbornene-functional polycarbonates, asmall molecule model reaction was undertaken prior to polymerfunctionalisation to ensure quantitative conversion of the norbornene groups.A slight excess of 1-dodecanethiol (1.2 equivalents) to 5-norbornene-2-methanol was stirred under UV irradiation (Metalight QX1 lightbox λ = 320 -400 nm) in the presence of the radical photoinitiator, 2-benzyl-2-(dimethylamino)-4’-morpholinobutyrophenone (0.015 equivalents) (Scheme2.6) and the reaction followed by 1H NMR spectroscopy. Monitoring thereduction of resonances that correspond to the norbornene double bond at
Scheme 2.6. Small molecule model reaction for the norbornene-thiol radical addition.
Figure 2.22. 1H NMR spectrumdodecanethiol conjugation product (*CHCl
δ = 6.11 – 5.91 ppmconversion after 60 min (Figure 2.22).Utilising these conditions for the analogous modification of norbornenefunctional polycarbonatewas confirmed by 1H NMR spectroscopic analysis aThe modified polymersmethanol to remove unreacted 1NMR spectroscopy, SEC and MALDIprecipitated polymers showed thealkene signals and the appearance of signals1-dodecanethiol, notably the tripletresonance at δ = 2.50 ppmadjacent to the thioether1.26 ppm that correspond to 18 protons of the dodecyl chain
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(400 MHz; CDCl3) of 5-norbornene3, **1,4-dioxane).
revealed a conversion of 89% after 30 min and quantitative
s, quantitative conversion of the norbornene groupsfter 1.5 h of UV irradiation.(6d and 7d) were subsequently precipitated into cold-dodecanethiol before further analysis by-ToF MS. The 1H NMRcomplete disappearance of the norbornenethat correspondresonance at δ = 0.88 ppm and quartetarising from the dodecyl chain-endrespectively, as well as additional resonances at(Figure 2
-2-methanol and 1-
-
1Hspectra of the
to the addition of
and CH2 group
δ =.23).
Figure 2.23. 1H NMR spectrumpolycarbonate after functionalisation with
MALDI-ToF MS analysis of the DPsodium-charged distribution with the expected increase inthe repeat unit (m/dodecanethiol (Figure 2modified polymers showed an increas39.6 kDa (6d, DP =retaining low dispersity values (
Table 2.4. Theoretical and observed
DP6789
aDetermined by MALDIpropylidene]malonitrile (DCTB)and PEG monomethyl ether 2k and 5k standards.
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(400 MHz; CDCl3) of DP 100 norbornene1-dodecanethiol 6d (*CHCl3).
= 12 modified polymer (7d)molecular weight of
z = 266 to 468) that corresponds to the addition of 1.24 and Table 2.4). SEC analysis of the thiole in molecular weight from100) and Mn = 2.8 to 6.0 kDa (7d, DP =
ÐM = 1.18 and 1.13) (Figure 2.25).
m/z values of 1-dodecanethiol functionalisation.
Experimental m/za Calculated2940.93409.43877.64346.2-TOF MS analysis using trans-2-[3-(4-tert-butylphenyl)as a matrix, sodium trifluoroacetate as the cationisation agent
-functional
revealed a single
--ene
Mn = 24.5 to12), while again
m/z2940.83409.13877.44345.7-2-methyl-2-
Figure 2.24. MALDI-Topolycarbonate before (7
Figure 2.25. (Left) SEC chromatograms(7, Mn = 2.8 kDa, ÐM = 1.21) and after functionalisation with= 1.13). (Right) SEC chromatograms
Mn = 24.5 kDa, ÐM = 1.14= 1.18).
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F MS analysis (reflectron mode) of DP 12 norbornene) (top) and after (7d) (bottom) functionalisation with 1
of DP 12 norbornene-functionaldodecanethiolof DP 100 norbornene-functional polycarbonate) and after functionalisation with dodecanethiol (
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The radical thiol-methylcoumarin toQuantitative conversion of the norbornene groups was achieved aUV irradiation, as confirmed bythe complete loss ofresonances that correspond to the coumarin moietyNMR spectroscopy; namely the three aromatic resonances7.09 ppm, the vinyl resonance at2.31 ppm (Figure 2before (7) and afterabsorbance maximum at 335 nm, consistent withfluorescent thiol to thedistribution of the polymer
Figure 2.26. 1H NMR spectrumpolycarbonate after functionalisation with 7
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ene addition of the fluorescent thiolpolycarbonate 7 (DP = 12) was also inves
1H NMR spectroscopic analysisnorbornene double bond signals. Thewere also observed bybetween
δ = 6.11 ppm and the methyl.26). Comparison of the UV-vis spectra of the polymer(7e) modification showed the appearance of a peak with anthe successfulpolymer chain (Figure 2.27). The molecular weightremained narrow after functionalisation
(400 MHz; CDCl3) of DP 12 norbornene-mercapto-4-methylcoumarin,
7-mercapto-4-tigated.fter 1.5 h ofwhich revealedappearance of
1H
δ = 7.69 –resonance at δ =
addition of the
(ÐM =1.30),
-functional
7e (*CHCl3).
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with an increase in molecular weight from Mn = 2.8 to 4.7 kDa observed by SECanalysis (Figure 2.28).
Figure 2.27. UV-vis spectra of norbornene-functional polycarbonate before (7) (blue dashed)and after (7e) (red solid) functionalisation with 7-mercapto-4-methylcoumarin (spectrarecorded in dichloromethane).
Figure 2.28. SEC chromatogram of DP 12 norbornene-functional polycarbonate before (7, Mn =2.8 kDa, ÐM = 1.21) and after functionalisation with 7-mercapto-4-methylcoumarin (7e, Mn = 4.7kDa, ÐM = 1.30).
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2.2.4 One-Pot, Multi-Step, Orthogonal Functionalisation of Norbornene-
Functional PolycarbonatesFollowing the success of the individual post-polymerisation functionalisationreactions, a sequential multi-step, one-pot triple functionalisation strategy wasinvestigated (Scheme 2.7). Functional reagents were chosen that would beeasily distinguishable by 1H NMR spectroscopy, namely TEG azide, 3,6-di-2-pyridyl-1,2,4,5-tetrazine and 1-dodecanethiol. As the least efficient reaction,the norbornene-azide cycloaddition was undertaken first. A norbornene-functional polycarbonate of DP 35 (8, Mn = 9.5 kDa, ÐM = 1.12) was heated at 90°C for 1 h in the presence of 10 equivalents of TEG azide, after which 1H NMRspectroscopy revealed that ca. 30% of the norbornene groups had undergonereaction. The reaction was cooled to room temperature before the addition of0.5 equivalents of dipyridyltetrazine per remaining norbornene group. Thereaction was then stirred at room temperature for 4 h until the solution lost itspink colour, indicating the complete consumption of tetrazine units. Finally, anexcess of 1-dodecanethiol (3 equivalents per remaining norbornene group) and
Scheme 2.7. One-pot functionalisation of norbornene-functional polycarbonates.
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the radical photoinitiator, 2-benzyl-2-(dimethylamino)-4’-morpholinobutyrophenone, were added to the reaction mixture which wassubsequently irradiated with UV light for 2 h. Control experiments in which thetetrazine-norbornene and thiol-norbornene functionalisations were performedin the presence of an excess of TEG azide, confirmed that the presence ofunreacted TEG azide did not interfere with subsequent functionalisations, in theone-pot multi-functionalisation reaction. SEC analysis of the crude reactionmixture after each functionalisation step revealed that the molecular weightdistribution of the polymer remained narrow and monomodal throughout thereaction, with an overall increase in molecular weight from 9.5 to 12.2 kDa andfinal ÐM value of 1.14 (Figure 2.29).The one-pot orthogonally functionalised polymer was purified by precipitationinto hexane. The 1H NMR spectrum of the precipitated polymer showedresonances that correspond to all three functional groups, specifically thearomatic resonances between δ = 9.32 – 7.21 ppm from reaction with
Figure 2.29. SEC chromatograms of DP 35 norbornene-functional polycarbonate aftersequential modification with TEG azide, 3,6-di-2-pyridyl-1,2,4,5-tetrazine and 1-dodecanethiol.
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Figure 2.30. 1H NMR spectrumafter sequential modification with TEG azide,dodecanethiol (*CHCl3, **1,4
dipyridyltetrazine, the three resonances atcorrespond to the TEG functionalitythe peak at δ = 1.24 ppm and the appearance of a tripletppm as a consequence of the incorporatioDespite using an excess of 1spectroscopic analysis also revealed a small proportion of unmodifiednorbornene groups (accessibility of the norbornene groupsmultiple functionalitiesequivalents of 1-dodecanethiol employed and extending the period of UVirradiation did not lead to an increase in norbornene conversion.purified polymerfunctionality, 26% dodecyl functionality and 9% unreacted norbornenefunctionality, as determined by
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(400 MHz; CDCl3) of DP 35 multi-functionalised3,6-di-2-pyridyl-1,2,4,5-dioxane ***H2O).
δ = 3.62, 3.53 and 3.36and the significant increase in integral ofresonancen of 1-dodecanethiol (Figure 2.30-dodecanethiol in the final thiol-
ca. 9%). This was thought to be caused by the reduced, as a consequence of the introductpreventing complete functionalisation.
consisted of 30% TEG functionality, 35% tetrazine
1H NMR spectroscopy.
polycarbonate-tetrazine and 1-
ppm that
at δ = 0.86).ene step, 1H NMR
ion ofIncreasing the
The final
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To demonstrate the versatility of the one-pot multi-functionalisation reaction,the order of functionalisation of a shorter DP 12 (7) norbornene-functionalpolycarbonate was changed to 3,6-di-2-pyridyl-1,2,4,5-tetrazine, 1-dodecanethiol and TEG azide. Again, 1H NMR spectroscopic analysis of theresulting multi-functional polymer confirmed the successful incorporation of allthree functionalities, however, for this order of functionalisation a higherproportion of norbornene functionality, ca. 20%, remained unreacted. Thisreduced reactivity was attributed to performing the least efficientfunctionalisation reaction last. SEC analysis of the crude polymer after eachfunctionalisation step revealed that the molecular weight distribution of thepolymer remained narrow and monomodal at each stage of the reaction giving afinal dispersity value of 1.24 (Figure 2.31). The versatility of the one-potfunctionalisation was further demonstrated by changing the thiol and azide to7-mercapto-4-methylcoumarin and benzyl azide respectively (Figure 2.32).
Figure 2.31. SEC chromatograms of a DP 12 norbornene-functional polycarbonate aftersequential modification with 3,6-di-2-pyridyl-1,2,4,5-tetrazine, 1-dodecanethiol and TEG azide.
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Figure 2.32. SEC chromatograms of a DP 12 norbornene-functional polycarbonate aftersequential modification with 3,6-di-2-pyridyl-1,2,4,5-tetrazine, 7-mercapto-4-methylcoumarinand benzyl azide.
2.2.5 Graft Copolymer SynthesisTo further demonstrate the potential utility of the norbornene-functionalpolycarbonates, the preparation of graft copolymers via radical thiol-enechemistry was investigated. Thiol-terminated poly(N-isopropylacrylamide)(poly(NiPAm)) was synthesised in two steps via reversible addition-fragmentation chain transfer (RAFT) polymerisation and subsequent reductionof the RAFT CTA end-group to a thiol, before grafting to a norbornene-functional polycarbonate.
2.2.5.1 Graft Copolymer Synthesis: Poly(NiPAm) SynthesisRAFT polymerisations of NiPAm were conducted at 65 °C in 1,4-dioxane, where1-dodecyl-S’-(,’-dimethyl-‘’-acetic acid) trithiocarbonate (DDMAT) wasemployed as the RAFT chain transfer agent (CTA) and [CTA]:[AIBN] = 1:0.1.
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Scheme 2.8. RAFT polymerisation of N-isopropylacrylamide.
Polymerisations were terminated at ca. 80% monomer conversion to ensurehigh RAFT end-group fidelity and precipitated twice in cold diethyl ether toremove unreacted NiPAm. The DP of the polymers was determined by 1H NMRspectroscopy, by comparing the integrals of the resonances arising from theRAFT end-group, notably the quartet resonance at δ = 3.32 ppm and tripletresonance at δ = 0.86 ppm that correspond to the CH3 group of the dodecylchain-end and CH2 group adjacent to the trithiocarbonate, with the resonancesof the isopropyl group of the NiPAm repeat unit at δ = 3.99 and 1.12 ppm(Figure 2.33). The 1H NMR spectra of the precipitated polymers also showedresonances that correspond to the NH amide proton at δ = 7.2 – 5.8 ppm andpoly(NiPAm) backbone at δ = 2.4 - 1.5 ppm. Poly(NiPAm) with a range ofmolecular weights was prepared by varying the CTA-to-monomer ratio and astrong correlation was found between DP and theoretical values of DP based onNiPAm conversion, indicating the polymerisations were well controlled. Thiscontrol was further confirmed by SEC analysis, which revealed narrow,monomodal molecular weight distributions with low dispersity values (ÐM <1.1) (Figure 2.34 and Table 2.5). SEC analysis with UV detection at 309 nmexhibited a strong response further confirming the presence of thetrithiocarbonate RAFT end-groups.
Figure 2.33. 1H NMR spectrum
Figure 2.34. SEC chromatograms of poly(NiPAm) (= 78, Mn = 9.1 kDa, ÐM = 1.07), (
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(400 MHz; CDCl3) of poly(NiPAm)78, 10, (*CHCl
9, DP = 41, Mn = 4.9 kDa
11, DP = 136, Mn = 18.4, ÐM = 1.07).
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Poly(NiPAm) DP 41
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3, **1,4-dioxane).
, ÐM = 1.07), (10, DP
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Table 2.5. Characterisation of poly(NiPAm).
Polymer DPa Mn(NMR) (kDa)a Mn(SEC) (kDa)b ÐMb
9 41 5.0 4.9 1.07
10 78 9.2 9.1 1.07
11 136 15.8 18.4 1.07
aDetermined by 1H NMR spectroscopy. bDetermined by SEC analysis in DMF using PMMAstandards.
2.2.5.2 Graft Copolymer Synthesis: End-Group Modification of
Poly(NiPAm)The thiocarbonyl end-group of polymers prepared by RAFT polymerisation isinherently reactive and provides the opportunity for ready modification, inparticular; end-group thermolysis, radical induced reduction, reaction withnucleophiles and hetero-Diels-Alder reactions.51, 52 The transformation of thethiocarbonyl end-group to a thiol, by reaction with excess amine or otherreducing agents, is well-known and has been utilised for the preparation ofcyclic,53 multi-block53 and star polymers,54 polymer stabilised metal particles55and polymer bio-conjugates,56, 57 among other applications.Reduction of the poly(NiPAm) trithiocarbonate end-groups was achieved usingan excess of hydrazine (20 equivalents per RAFT CTA group), under a nitrogen
Scheme 2.9. Reduction of the trithiocarbonate end-group of poly(NiPAm) to a thiol.
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atmosphere to minimise the occurrence of disulfide coupling (Scheme 2.9).58 Adegassed solution of hydrazine in THF was added to a degassed solution ofpoly(NiPAm) and stirred at room temperature for 2 h, during which time thesolution lost the characteristic yellow colour of the trithiocarbonate end-group.SEC analysis of the thiol-terminated polymers using UV detection at 309 nmrevealed no signal suggesting quantitative reduction of the RAFT end-groups(Figure 2.35). SEC analysis with refractive index detection, however, showed aslight broadening of dispersity (ÐM = 1.10) and the appearance of a small highmolecular weight shoulder suggesting that a small proportion of polymer chainshad undergone disulfide coupling (Figure 2.36). The 1H NMR spectra of thiol-terminated poly(NiPAm) revealed the reduction of resonances that correspondto the RAFT end-group, most notably the triplet resonance at δ = 0.86 ppm thatarises from the CH3 protons of the dodecyl chain-end and the multiplet at δ =1.25 ppm that corresponds to resonances from the dodecyl chain (Figure 2.37).
Figure 2.35. SEC chromatograms with UV detection at 309 nm showing poly(NiPAm)78 before(10) and after reduction (10-SH) with hydrazine.
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Figure 2.36. SEC chromatogramand after (10-SH, Mn = 10.0
Figure 2.37. Expansionpoly(NiPAm)78 (10) before and after reduction with hydrazine
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s showing poly(NiPAm)78 before (10, MnkDa, ÐM = 1.10) reduction with hydrazine.
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2.2.5.3 Graft Copolymer Synthesis: Thiol-Ene Polymer GraftingInitial studies of the radical thiol-ene coupling of thiol-terminated poly(NiPAm)to a norbornene-functional polycarbonate (DP = 35) (8, Mn = 9.5 kDa, ÐM = 1.12)were undertaken using the same conditions employed for the analogous smallmolecule radical thiol-ene functionalisations; namely 1.2 equivalents of thiolend-group per pendent norbornene and 0.015 equivalents of radicalphotoinitiator, stirred under UV irradiation (Scheme 2.10). The reactionsolvent was changed from 1,4-dioxane to tetrahydrofuran to increase thesolubility of poly(NiPAm) and reactions were performed at a concentration of10 mg of polycarbonate per 1 mL of THF. Aliquots of the reaction solution weretaken periodically and analysed by 1H NMR spectroscopy and SEC. For thegrafting of the lowest molecular weight poly(NiPAm) (9-SH, Mn = 4.9 kDa, DP =41) to the norbornene-functional polycarbonate, SEC analysis of the reactionmixture after 9 h of UV irradiation showed no change suggesting either no orminimal grafting had occurred. The 1H NMR spectrum at this time still clearlyshowed the norbornene double bond signals at δ = 6.15 – 5.91 ppm, however itwas not possible to integrate these peaks to determine conversion as the
Scheme 2.10. Polycarbonate-g-poly(NiPAm) synthesis by radical thiol-ene chemistry.
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resonances were obscured by those of much greater intensity that correspondto the NH group of poly(NiPAm) at δ = 7.2 – 5.8 ppm.In an attempt to improve the grafting reaction, the amount of radicalphotoinitiator used was increased to 0.05 equivalents, however, noimprovement in grafting was observed by SEC analysis. Finally, the equivalentsof thiol-terminated poly(NiPAm) were increased to 5 polymer chains pernorbornene group. After 9 h of UV irradiation, SEC analysis revealed theappearance of a new polymer distribution at higher molecular weight (Mn =23.4 kDa) that may correspond to graft copolymer (Figure 2.38). A large excessof unreacted poly(NiPAm) was also observed, as well as a slight increase in theproportion of disulfide coupled polymer chains. Again, the grafting efficiencycould not be determined by 1H NMR spectroscopy as a consequence of thesignificant overlap of resonances that correspond to norbornene double bondand poly(NiPAm) NH functionality. However, as a large proportion of the
Figure 2.38. SEC chromatogram of crude reaction sample of norbornene-functionalpolycarbonate and thiol terminated poly(NiPAm) grafting by radical thiol-ene chemistry andSEC chromatogram of polyNiPAm41-SH (9-SH)before reaction.
0
0.2
0.4
0.6
0.8
1
1000 10000 100000
dw
/d
lo
gM
Mw
Poly(NiPAm)-SH
Crude reaction
mixture
Grafting?
Disulfide
coupled
poly(NiPAm)
107
norbornene peaks remained present in the 1H NMR spectra, it was concludedthat only a low grafting efficiency was achieved.The limited success of graft copolymer synthesis through thiol-ene couplingcompared to the highly successful small molecule polymer functionalisations isnot surprising. A slower rate of coupling and lower coupling yields areexpected for polymer grafting as a consequence of the use of bulky polymericthiols, where access to the thiol end-group maybe obstructed by thesurrounding polymer or where successful polymer coupling may preventfurther grafting reactions through the blocking of unreacted norbornenegroups. As a consequence of lower conjugation efficiency in polymeric systems,side reactions become more significant, notably disulfide formation betweentwo polymeric thiol groups, through oxidation or coupling of thiyl radicals, aswell as other bimolecular termination reactions. Increasing the concentrationof photoinitiator, hence increasing the radical flux, may in fact increase theoccurrence of such radical termination side reactions. In combination with theadded difficulty of removing unreacted excess polymer, increasing theequivalents of polymeric thiol may also increase the likelihood of disulfidecoupling. Based on these findings it was concluded that the use of radical thiol-ene coupling to prepare graft copolymers is not a viable approach. Similarfindings have been previously reported by Du Prez and Van Camp on the use ofradical thiol-ene polymer-polymer coupling to prepare poly(styrene)-poly(vinylacetate) block copolymers.59 Thiol-terminated poly(styrene) was prepared bysequential RAFT polymerisation and aminolysis, whereas allyl-terminatedpoly(vinyl acetate) was prepared from an allyl-functional RAFT chain transferagent. Thiol-ene polymer-polymer coupling reactions were performed under
108
UV irradiation in the presence of the radical photoinitiator, 2,2-dimethoxy-2-phenylacetophenone. When the poly(styrene) and poly(vinyl acetate) werereacted in equimolar quantities a low coupling efficiency of approximately 25%was found by 1H NMR spectroscopy and elemental analysis. Increasing theequivalents of either thiol-terminated poly(styrene) or allyl-terminatedpoly(vinyl acetate) to a fivefold excess did not improve the coupling efficiencyand evidence of competitive side reactions, namely bimolecular terminationreactions, were also reported.
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2.3 ConclusionsIn conclusion, a novel cyclic carbonate monomer bearing a norbornene pendentgroup has been synthesised and its controlled ring-opening polymerisationdemonstrated using an organocatalyst system, comprised of 1 mol% 1,8-diazabicycloundec-7-ene (DBU) and 5 mol% 1-(3,5-bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea. The resulting polymers were well-defined and exhibitedlow dispersity values and monomodal molecular weight distributions.Subsequently, the norbornene-functional polycarbonates were utilised in a newapproach for the synthesis of multi-functionalised polymers, where a singlepolymeric scaffold containing a reactive handle, in this case norbornenefunctionality, can undergo multiple post-polymerisation modifications bothindividually and sequentially in an orthogonal one-pot process. Quantitativepolymer functionalisation was demonstrated for the 1,3-dipolar cycloadditionbetween norbornenes and azides, the inverse electron demand Diels-Alderreaction between norbornenes and tetrazines and the radical addition of thiolsto norbornenes when the functionalisations were performed individually. Up to90% functionalisation was achieved when functionalisations were undertakensequentially on the same polycarbonate backbone, where the versatility of theone-pot multi-functionalisation reaction was shown through variation offunctionalisation order. This approach creates a new platform for thepreparation of complex multifunctional materials, where an extensive library offunctionalised polymers can be prepared by simply varying the combinationsand relative proportions of functional reactants, in an undemanding one-potmulti-step process. For example, the physical properties of a polymer may bechanged by the introduction of hydrophilic and responsive functionalities,
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whilst also tagging polymers with fluorescent or biologically relevantmolecules. The norbornene-functional polycarbonates were also employed inthe preparation of graft copolymers through radical thiol-ene coupling withthiol terminated poly(NiPAm), however this grafting onto approach showedonly limited success.
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3 Polycarbonate Graft Copolymers by Ring-Opening and
Reversible Addition-Fragmentation Chain Transfer
Polymerisation
3.1 IntroductionPolymers with a diverse range of properties and applications can be preparedby tailoring polymer topology and composition. Major developments in“controlled” and “living” polymerispreparation of well-star,3-5 cyclic,6-8 branchedAmong these polymer architectures, the preparation of graft copolymers hasbeen intensely investigated.“grafting-to”, “graftingto” approach, end-polymer backbone containing multiplethis approach allows the polymer backbone and side arms to be sep
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prepared and characterised prior to coupling, grafting density is commonlylimited as a consequence of steric repulsion between the bulky side arms. Thislimitation can be overcome by a “grafting-through” approach in which graftcopolymers are prepared by the polymerisation of macromonomers. Herehowever, the bulky nature of the macromonomers can result in polymerisationsbeing slow and limited to low monomer conversions and chain lengths. The“grafting from” approach in which polymer chains are grown from a polymerwith multiple initiation sites located along its backbone can lead to inherentlyless control over the length of the polymer grafts, however, greater control ofthe overall length of the graft copolymer, as well as access to higher graftdensities can be achieved. Careful choice of synthetic method, grafting density,composition and length of the polymer backbone and side-arms, allows graftcopolymers with unique structural characteristics and a range of functionalitiesto be prepared.13-16Recent advances in the incorporation of functionality into cyclic ester andcarbonate monomers have enabled the synthesis of polyester andpolycarbonate materials with a wide array of functionality incorporatedthroughout the polymer backbone.19-23 In turn, these advances in monomersynthesis have opened routes for the preparation of graft copolymers withdegradable backbones. The development of highly efficient “click” reactionsand the incorporation of suitable reactive groups onto cyclic ester andcarbonate monomers has enabled the synthesis of graft copolymers by the“grafting-to” approach.24-39 Limited success has also been reported in the ROPof poly(ethylene glycol) functionalised monomers in a “grafting-through”approach, although this method is unattractive as a consequence of the ring-
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chain equilibrium associated with sterically hindered cyclic ester and carbonatemonomers.40-45 Only a handful of examples have been reported using a“grafting-from” strategy via the attachment of initiating groups and protectedinitiating groups to cyclic ester and carbonate monomers prior to ROP. Theincorporation of protected hydroxyl groups into the polymer backbone hasallowed for the preparation of graft copolymers by consecutive ROPreactions.46-48 Alternatively, Hedrick and co-workers prepared graftcopolymers via a combination of ROP and atom transfer radical polymerisation(ATRP), by the synthesis and subsequent polymerisation of a novel derivative of
ε-caprolactone with a pendent ATRP initiator group.49As a consequence of its high functional group tolerance and ability to control thepolymerisation of a wide range of monomers, reversible addition-fragmentationchain transfer (RAFT) polymerisation in combination with ROP offers aparticularly promising route to prepare novel degradable graft copolymers.50-56“Grafting-from” via RAFT polymerisation can be achieved via either a Z-groupapproach, in which the RAFT CTA is attached to the polymer backbone via the Z-group or an R-group approach where the RAFT CTA is attached via the R-group(Figure 3.2). The reactive thiocarbonyl groups of the CTA can either remainclose to the polymer backbone (Z-group) or be located at the graft polymerchain termini (R-group), which can allow subsequent post-polymerisationmodification at the surface of the graft copolymer.57 Furthermore, in a Z-groupapproach grafting density is limited as a consequence of theaddition/fragmentation of the growing polymer chains from the RAFT CTAgroups located along the polycarbonate backbone during polymerisation.Therefore, disadvantages similar to those of a “grafting-to” approach are
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Figure 3.2. Preparation of graft copolymers by RAFT polymerisation via a Z-group approach orR-group approach.
encountered in a Z-group RAFT approach. Mespouille et al. have recentlyreported the preparation of graft copolymers via a combination of ROP and a Z-group RAFT approach.58 A novel RAFT CTA-functional cyclic carbonate, wherethe RAFT CTA functionality was attached via the Z-group was copolymerisedwith an ethyl-functional cyclic carbonate monomer and N-isopropylacrylamidewas subsequently grown from the resulting polycarbonate backbone via RAFTpolymerisation. Despite the success of this initial report, only low graftingdensities were targeted (10% RAFT CTA incorporation), as a consequence ofemploying a Z-group approach, and only graft copolymers with a target poly(N-isopropylacrylamide) arm length of DP 40 were prepared.In this chapter, graft copolymers with significantly higher grafting densities areprepared via a combination of ROP and an R-group RAFT approach. A novelRAFT CTA-functional cyclic carbonate monomer with RAFT CTA functionalityattached via the R-group is synthesised and polymerised through ROP and the
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resulting polycarbonates utilised in the preparation of well-defined graftcopolymers with a degradable backbone.
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3.2 Results and Discussion
3.2.1 Monomer Synthesis
Scheme 3.1. Synthesis of RAFT CTA-functional cyclic carbonate monomer, 5.
The RAFT CTA-functional cyclic carbonate monomer, 5, was synthesised in 4steps from commercially available 2,2’-bis(hydroxymethyl) propionic acid (bis-MPA), (Scheme 3.1). Reaction of bis-MPA with 2,2-dimethoxypropane, in thepresence of a catalytic amount of p-toluenesulfonic acid, resulted in theformation of an acetonide-protected bis-MPA analogue, 1.59 The incorporationof RAFT CTA functionality was achieved via the esterification of 1 with thehydroxyl containing CTA, 2, that in turn was prepared in a one-pot synthesisaccording to adapted literature procedures.60, 61 Ethanethiol and carbon disulfidewere added to a suspension of potassium phosphate in acetone, 4-(chloromethyl)benzyl alcohol was added and the reaction mixture was stirredfor 3 days (Scheme 3.2). Subsequent coupling of 1 and the CTA 2 in thepresence of N-(3-dimethyl-aminopropyl)-N’-ethylcarbodiimide hydrochloride(EDC.HCl) and 4-(dimethylamino)pyridine (DMAP), followed by hydrolysis ofthe acetonide protecting group of 3 with DOWEX 50W-X2 resin, yielded theCTA-functionalised diol, 4. The RAFT CTA-functional cyclic carbonate monomer
5 was subsequently formed by ring-closure using triphosgene in the presence of
HS
pyridine to trap hydrochloric acid.yield after recrystallisationand diethyl ether.Analysis of the 1H NMR spectrum of monomercorrespond to bothnotably, a quartet and triplet resonance atthat arise from the ethyl group of the RAFT CTA moiety,doublets at δ = 4.70 and 4.20 ppmprotons on the carbonate ring.in the 13C NMR spectrumand the resonance atcarbon of the RAFT CTA moiety, provides further evidence of the monomer
Figure
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Scheme 3.2. One-pot synthesis of RAFT CTA 2.
The product was isolated, via the sequential addition of hot
5 revealedCTA and cyclic carbonate functionality (Figure 3.3
δ = 3.38 and 1.36 ppm respectively,in addition to a pair ofthat correspond to the inequivalent CHThe appearance of a resonance at, that corresponds to the carbonate carbonyl group
δ = 223.3 ppm that corresponds to the
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Figure 3.4. 1
structure (Figure 3.4elemental analysis and
3.2.2 Ring-Opening Polymerisation StudiesInitial studies into the ringCDCl3 at room temperaturemonomer-to-initiator ratioMonomer conversion was monitored bythe reduction of the doublet resonances fromthe appearance of a broad multipletpolycarbonate backbone.quenched by the addition of acidic Achromatography to100% ethyl acetate) 124
3C NMR spectrum (175 MHz; CDCl3) of monomer 5
). The structure of monomer 5 was further cmass spectrometry.
-opening polymerisation of 5 were conducted in(Scheme 3.3), where [5]0 = 0.25 M,, [M]0/[I]0 = 20, using benzyl alcohol as the initiator
1H NMR spectroscopy by comparing
5 at δ = 4.70 and 4.20resonance at δ = 4.28 ppm, attributed to theAfter the allotted time, polymerisations weremberlyst resin and purified by columnremove residual monomer and catalyst (100% CH.
(*CDCl3).
onfirmed by
with the initial.
ppm with
2Cl2, then
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Scheme 3.3. Ring-opening polymerisation of monomer 5 to prepare RAFT CTA-functionalpolycarbonates.
3.2.2.1 Ring-Opening Polymerisation Studies: Choice of CatalystA range of organocatalyst systems were tested for the controlledpolymerisation of 5 (Figure 3.5), starting with the highly active amidine base1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) which has successfully catalysed theROP of trimethylene carbonate and functional cyclic carbonate monomersexhibiting excellent control.31, 43, 62 As trithiocarbonate groups are known toreact with primary and secondary amines, the stability of the trithiocarbonatemoiety of RAFT CTA 2 in the presence of DBU was investigated. CTA 2 and DBUwere dissolved in CDCl3 and monitored by 1H NMR spectroscopy over 48 h.During this time no alteration in the 1H NMR spectra of 2 was observed and thesolution retained the characteristic yellow colour of the trithiocarbonate group.
Figure 3.5. Organic catalysts screened for the ring-opening polymerisation of 5.
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For the ROP of 5 catalysed by DBU (5 mol%) size exclusion chromatography(SEC) analysis indicated the polymerisation was well controlled with adispersity (ÐM) of 1.17. Monitoring the polymerisation by 1H NMR spectroscopyhowever revealed significant retardation of polymerisation rate occurred whenmonomer conversions > 70% were attained; indeed no further polymerisationwas observed above ca. 80% monomer conversion (Figure 3.6). Thisobservation is consistent with the decreased polymerisability of the monomerresulting from a low ring-chain equilibrium attributed to the sterically hinderednature of 5 as a consequence of the bulky RAFT CTA substituent.31, 43, 63Prolonged reaction times did not result in additional monomer conversion andinstead led to a broadening of the molecular weight distribution of the polymer(ÐM > 1.70) consistent with the occurrence of transesterification side reactionsas a consequence of the strong basicity of DBU.
Figure 3.6. Plot of time (min) against monomer conversion (%) for the ring-openingpolymerisation of 5 using different catalyst systems. Conditions: [5] = 0.25 M, CDCl3 at 25 °C,[M]/[I] = 20 using benzyl alcohol as initiator.
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In an attempt to achieve higher monomer conversions the addition of acocatalyst, 1-(3,5-bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea (6), wasinvestigated. Cocatalyst 6 activates the monomer through hydrogen bonding tothe carbonate carbonyl, showing a preference for activating cyclic carbonatesand esters over their linear counterparts and indeed has been shown topromote polymerisation in systems where the application of only DBU hasresulted in no polymerisation.64 At catalyst loadings of 5 mol% DBU and 10mol% cocatalyst 6 significantly accelerated polymerisation rates wereobserved, achieving 83% monomer conversion after only 100 minutes, but atthe cost of polymerisation control as evidenced by the broad molecular weightdistribution (Table 3.1). SEC analysis also revealed the presence of lowmolecular weight oligomeric species, in addition to the main molecular weightdistribution, which suggested the occurrence of significant transesterificationand scrambling of polymer chains. Reducing catalyst loading to 1 mol% DBU
Table 3.1. Organic catalyst systems for the ring-opening polymerisation of 5.
aDetermined by 1H NMR spectroscopy. bDetermined by SEC analysis in CHCl3 usingpoly(styrene) standards. Conditions: [5] = 0.25 M, CDCl3 at 25 °C, [M]/[I] = 20 using benzylalcohol as initiator.
Catalyst Time
(h)
Monomer
conversion (%)a
Mn (SEC)
(kDa)b
ÐMb
5 mol% DBU 10 80 5.9 1.175 mol% DBU + 10 mol% 6 1.7 83 4.4 1.481 mol% DBU + 5 mol% 6 16 80 5.0 1.1610 mol% (-)-sparteine + 25 mol% 6 290 84 4.1 1.35
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and 5 mol% cocatalyst 6 resulted in a higher level of polymerisation control (ÐM= 1.16), however monomer conversion did not increase above 80%.The dual catalyst system of (-)-sparteine and thiourea cocatalyst 6 was alsoinvestigated for the ROP of monomer 5. At catalyst loadings of 5 and 10 mol%of (-)-sparteine and cocatalyst 6 respectively, the polymerisation rate wasconsiderably slower than both the DBU and DBU/thiourea catalyst systems,reaching only 6% monomer conversion after 13 h. This was attributed to theless basic nature of (-)-sparteine (pKa = 17.5) compared to DBU (pKa = 23.4).Increasing the loading of (-)-sparteine to 10 mol% and cocatalyst 6 to 25 mol%increased polymerisation activity; however a monomer conversion of only 24%was achieved after 14 h, reaching a maximum conversion of 84% after 12 days.Of the organic catalyst systems investigated, DBU (5 mol%) exhibited the bestcombination of control and activity and was therefore chosen as the catalyst forall subsequent polymerisations of 5.
3.2.2.2 Ring-Opening Polymerisation Studies: Choice of InitiatorInitial polymerisation studies utilised benzyl alcohol as the initiator, however,the resonances attributed to the benzyl carbonate end group in the 1H NMRspectrum of the resultant polymer overlapped with the aromatic and benzylsignals of the polymer repeat unit at δ = 7.27 and 5.10 ppm respectively. Thisprevented the determination of number-average molecular weight (Mn(NMR))and degree of polymerisation (DP) by 1H NMR spectroscopy. To overcome thisproblem alternative polymerisation initiators were investigated. The tert-butylgroups of neo-pentanol were expected to give an unobscured resonance at δ <1.00 ppm when used as the initiating alcohol. Indeed, the 1H NMR spectrum of
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Figure 3.7. Alternative initiators used in the ring-opening polymerisation of 5.
a purified polymer with a neo-pentyl carbonate end group clearly shows the
tert-butyl resonance at δ = 0.93 ppm, however calculation of the DP using thispeak gave a value approximately double the theoretical DP calculated from[M]/[I] and monomer conversion (Table 3.2). Inspection of the 1H NMR spectraobtained during the polymerisation showed two resonances below δ = 1.00ppm; a slightly broadened signal at δ = 0.93 ppm that corresponds to the tert-butyl groups of the polymer chain end and a more defined peak at δ = 0.91 ppmthat corresponds to unreacted neo-pentanol (Figure 3.8). Comparison of theintegrals of these resonances revealed for example, that at 70% monomerconversion, 31% of neo-pentanol remained unreacted. These data suggestedthat the rate of initiation by neo-pentanol was considerably slower than the rateof propagation, resulting in the DP of the isolated polymer being significantlyhigher than expected, as well as a broadening of dispersity (ÐM = 1.26) (Figure 3.9).
Table 3.2. Alternative initiators used for the ring-opening polymerisation of 5.
Initiating
alcohol
[M]/[I] Monomer
conversion(%)a
DP Mn(NMR)
(kDa)b
Mn(SEC)
(kDa)b
ÐMb
neo-pentanol 20 85 31 12.5 6.8 1.264-methoxybenzylalcohol 20 80 16 6.5 4.8 1.09
aDetermined by 1H NMR spectroscopy. bDetermined by SEC analysis in CHCl3 usingpoly(styrene) standards. Conditions: [5] = 0.25 M, CDCl3 at 25 °C, using 5 mol% DBU.
130
Figure 3.8. Expansion of the δ = 1.45 – 0.45 ppm region of 1H NMR spectrum (400 MHz; CDCl3)showing the tert-butyl resonances during the ring-opening polymerisation of 5 at 70%monomer conversion.
Figure 3.9. SEC chromatograms of P1 initiated by neo-pentanol (Mn = 6.8 kDa, = ÐM 1.26) and 4-methoxybenzyl alcohol (Mn = 4.8 kDa, = ÐM 1.09).
This poor initiator efficiency is thought to occur as a consequence of theelectron rich nature of neo-pentanol. In order to improve initiator efficiencyand provide a functional group for end-group analysis by 1H NMR spectroscopy,the use of 4-methoxybenzyl alcohol as the polymerisation initiator wasinvestigated. The benzyl functionality of 4-methoxybenzyl alcohol wasexpected to be less electron donating than the tert-butyl group of neo-pentanol.Therefore, the hydroxyl proton of 4-methoxybenzyl alcohol is expected to have
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Figure 3.10. 1H NMR spectrumpolymerisation initiator
a lower pKa value than the hydroxyl proton ofimproved initiation and affording polymers with narrow molecular weightdistributions. The singlet resonances atand benzylic protons in addition to the downfield shifted doublet atppm which arises from the aromatic protons, remained clearly visible in theNMR spectra of the resultant polymers allowing the determinationand DP and demonstrating the end3.10). SEC analysis indicated the polymerisation was well controlled, with1.09, and a strong agreement was found between theoretical and calculated DP.As such, 4-methoxybenzyl alcohol was chosen as the initiator for all subsequentpolymerisations of monom
3.2.2.3 Ring-Opening Polymerisation Studies: Polymerisation ControlFurther investigation of the controrevealed a linear relationship betweenwell as, Mn(SEC) anddispersity values and monomodal SEC chromatogram
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(400 MHz; CDCl3) of P1 using 4-methoxybenzyl alcohol as the(*CHCl3, **acetone, ***H2O).
neo-pentanol,
δ = 3.79 and 5.04 ppm of the methoxy
-group fidelity of the polymeris
er 5.
lled nature of the homopolymeris
Mn(SEC) and monomer conversiontheoretical DP (Figure 3.11 and 3.12), while retaining lows throughout the
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1Hof Mn(NMR)ation (Figure
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Figure 3.11. Plot of Mn(SEC) (kDa) against monomer conversion (%) for the ring-openingpolymerisation of 5. Conditions: [5] = 0.25 M, [M]/[I] = 20, using 5 mol% DBU and 4-methoxybenzyl alcohol as the polymerisation initiator.
Figure 3.12. Plot of Mn(SEC) (kDa) against theoretical DP for the ROP of 5. Conditions: [5] =0.25 M, using 5 mol% DBU and 4-methoxybenzyl alcohol as the polymerisation initiator.
polymerisation. During this study, large differences were observed betweenvalues of Mn determined by SEC analysis and values of Mn determined by 1HNMR spectroscopy, with values of Mn(SEC) consistently lower than predicted.
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This is attributed to a significant difference in hydrodynamic volume betweenpoly(styrene) SEC standards and the RAFT CTA- functionalised polycarbonates(Table 3.3).Analysis of polymers by matrix-assisted laser desorption ionisation time-of-flight mass spectrometry (MALDI-ToF MS) revealed a sodium-charged maindistribution with regular spacings equal to the molecular weight of themonomer repeat unit (m/z = 400 Da) and a 4-methoxybenzyl alcohol endgroup (Table 3.4 and Figure 3.13), demonstrating the end group fidelity andliving nature of the polymerisation. Closer examination of the isotope patternof a DP 7 polymer chain (Figure 3.14), revealed excellent agreement betweenthe observed and theoretical pattern, providing further evidence of thedesired repeat unit.
Table 3.3. Variation of [M]/[I] for the ring-opening polymerisation of 5.
[M]/[I] DPtha Mn,th (kDa)a Mn(NMR) (kDa)a Mn(SEC) (kDa)b ÐMb20 16 6.5 6.8 4.8 1.0965 49 19.8 16.8 12.8 1.1695 64 25.9 27.4 22.1 1.09125 90 36.2 39.0 33.2 1.11
aDetermined by 1H NMR spectroscopy. bDetermined by SEC analysis in CHCl3 usingpoly(styrene) standards. Conditions: [5] = 0.25 M, CDCl3 at 25 °C, using 5 mol% DBU and 4-methoxybenzyl alcohol as the polymerisation initiator.
Table 3.4. Theoretical and observed
DP34567
aDetermined by MALDIpropylidene]malonitrile (DCTB)and PEG monomethyl ether 2k and 5k standards.
Figure 3.13. MALDI-Toalcohol.
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m/z values of P1.
Experimental m/za Calculated1361.01761.62162.12562.52962.9-TOF MS analysis using trans-2-[3-(4-tert-butylphenyl)as a matrix, sodium trifluoroacetate as the cationisation agent
F MS analysis of P1 ([M]/[I] = 20) initiated from 4
m/z1361.21761.22161.32561.32961.4-2-methyl-2-
-methoxybenzyl
Figure 3.14. Predicted (left)initiated for 4-methoxybenzyl alcohol.
3.2.3 CopolymerisIn order to tune the incorporation of RAFT CTA functionality along thepolycarbonate backbone and subsequently tune the grafting density of the graftcopolymers, monomer1,3-dioxan-2-one (7adapted literature proceduresethanol in the presence of acidic Acatalyst. The resulting ethyl esterchloroformate in the presence of triethylamine and recrystallised from tolueneto afford the monomer
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5 was copolymerised with 5-methyl-5). Monomer 7 was prepared in two steps according to(Scheme 3.4).47, 65 Bis-MPA was esterifiedmberlyst resin acting as a heterogeneousanalogue of bis-MPA was cyclised with ethyl
7 in 50% overall yield. The 1H NMR (Figure 3.15
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Figure 3.15. 1H NMR spectrum
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(400 MHz; CDCl3) of monomer 7 (*CHCl3,
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Figure 3.16. Plot of monomer conversion (%) against time (min) for the 1:1 copolymerisationof monomers 5 and 7. Conditions: [monomer] = 0.25 M in CH2Cl2, using 5 mol% DBU and 4-methoxybenzyl alcohol as the polymerisation initiator.
were polymerised at a similar rate, with 5 being consumed slightly faster than 7(Figure 3.16). These data suggested the formation of statistical copolymers,with RAFT CTA functionality distributed throughout the polymer backbone,rather than the formation of blocky or gradient copolymers.Analysis of the copolymers by 1H NMR spectroscopy, after purification bycolumn chromatography to remove residual monomer and catalyst, revealedthat the composition of the copolymers was in good agreement with themonomer feed ratios and that copolymers with 52% (P2a), 35% (P2b) and24% (P2c) incorporations of 5 were obtained (Table 3.5). The 1H NMR spectraof the copolymers show the appearance of a quartet resonance thatcorresponds to the CH2 group of the ethyl ester functionality at δ = 4.18 ppm,whereas the triplet resonance of the adjacent CH3 group is obscured by themethyl groups of the polycarbonate backbone at δ = 1.24 ppm (Figure 3.17).The 1H NMR spectra of the copolymers also reveal distinct resonances that
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Table 3.5. Characterisation and composition of copolymers.
Polymer Monomer
ratio (5 : 7)
P2a 1 : 1
P2b 1 : 2
P2c 1 : 4
aDetermined by 1H NMR spectroscopy.poly(styrene) standards.methoxybenzyl alcohol as the
Figure 3.17. 1H NMR spectrum (400 MHz; CDClcopolymer P2c (*CHCl3).
correspond to the methoxybenzyl carbonate endboth 5 and 7; namely the two singlets of the benzylic protons at5.05 ppm and the two singlets of the methoxy protons atAnalysis of the 13C NMR spectra of thdistinct carbonyl resonances aroundcarbonate carbon atoms in slightly different environments in the polymerbackbone (Figure 3.18sensitivity within the backbone with each signal arising from either tw
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Polymer
compositiona
Incorporation
of 5 (%)a
Mn(NMR)
(kDa)a1 : 0.91 52 6.41 : 1.86 35 5.41 : 3.23 24 6.0
bDetermined by SEC analysis in CHClConditions: [monomer] = 0.25 M in CH2Cl2, using 5 mol% DBU and 4polymerisation initiator.
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adjacent units of 5 (AA), two adjacent units of 7 (BB) or a unit of 5 adjacent to aunit of 7 (AB or BA). Comparison of the 13C NMR spectra of the copolymerswith those of the homopolymers of 5 and 7 enabled assignment of the carbonylpeaks to the corresponding diads. The occurrence of three distinct carbonylresonances of similar intensities is expected for the analysis of statisticalcopolymers and provides further evidence for the even distribution of RAFTCTA functionality along the carbonate backbone.SEC analysis of the copolymers revealed the ÐM values of polymers P2a-c were
low (≤ 1.2) (Figure 3.19), which in combination with degrees of polymerisation being in line with those predicted from [M]/[I], indicates thatthe copolymerisations were well controlled. Interestingly, as the incorporationof RAFT CTA groups was reduced, the values of Mn(SEC) became closer to thevalues of Mn(NMR), which suggests that the hydrodynamic volume of polymerscomprised of 7 were more comparable to that of poly(styrene), compared to theRAFT CTA-functionalised homopolymers.
Figure 3.18. Expansion of the δ = 152 – 157 ppm region of 13C NMR spectra showing thecarbonyl carbonate resonances of homopolymer 5, homopolymer 7 and the 1:1copolymerisation of 5 and 7.
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Figure 3.19. SEC chromatograms of copolymers P2a (52% incorporation of 5, Mn = 3.6 kDa, ÐM= 1.21), P2b (35% incorporation of 5, Mn = 4.5 kDa, ÐM = 1.14) and P2c (24% incorporation of 5,
Mn = 6.1 kDa, ÐM = 1.11).
3.2.4 Synthesis of Graft Copolymers by RAFT PolymerisationInitial studies to prepare graft copolymers focused on growing styrene armsfrom the RAFT CTA groups located along the polycarbonate backbone ofpolymers P1 and P2a-c (Scheme 3.6). Polymerisations were conducted at 65 °C,in 10 mM solutions of starting polymer in chloroform, using 2,2’-azobis(isobutyronitrile) (AIBN) as the radical initiator. A ratio of
Scheme 3.6. Synthesis of graft copolymers via RAFT polymerisation.
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of 1:0.1:50 was used for the polymeris
ations were stopped after 24 h at approximaC analysis of the crude polymer samples showeddispersities (ÐM > 3.0) (Figure 3.20
-group approach two propagating-equilibrium stage; radicals attached to
.7). Both these species are in equilibriumgroups and active propagating radicals resulting in the
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) which islar termination
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ÐM = 3.28).in CHCl3 at 65 °C.
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Scheme 3.7. Synthesis of graft copolymers by a RAFT R-group approach.
molecular weight second distribution corresponds to linear polymer chains.Termination of these propagating species by radical-radical coupling can occurin several ways. Intramolecular arm-arm coupling and coupling with linearpolymer chains leads to the formation of dead arms. Intermolecular arm-armcoupling, leading to graft-graft coupling, results in the formation of highermolecular weight species, which can be seen as high molecular weightshoulders of the main polymer distribution by SEC analysis and become morepronounced as monomer conversion increases. The SEC chromatogram in
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Figure 3.20 clearly shows the occurrence of graft-graft coupling and thepresence of low molecular weight linear poly(styrene). Similar findings havebeen previously reported for the preparation of star and graft copolymersthrough RAFT R-group approaches with a range of monomers.66, 67
3.2.4.1 Synthesis of Graft Copolymers by RAFT Polymerisation:
Optimisation of ConditionsIn order to reduce the amount of graft-graft coupling, polymerisations wereconducted under more dilute conditions (3.0 mM of starting polymer inchloroform). A decrease in high molecular weight shoulder and ÐM (~ 2.5) wasobserved, however, as a consequence of the slow propagation rate of styreneand longer polymerisation times at lower concentrations, a significant amountof graft-graft coupling was still observed. Monitoring the change in molecularweight distribution with respect to time revealed that even at monomerconversions of ca. 10% graft-graft coupling was still present (Figure 3.21).In order to prepare well-defined graft copolymers, further studies focused onthe preparation of graft copolymers with a faster propagating monomer. Thiswould provide shortened polymerisation times, that in turn would reduce thenumber of radicals generated during polymerisation and reduce the likelihoodof termination by radical-radical coupling. To this end, methyl acrylate, MA,was grafted from polymer P2c (24% incorporation of 5, the lowestincorporation of 5), using a ratio of 1:0.1:50 ([CTA]:[AIBN]:[monomer]) and 3.0mM starting polymer solution. The polymerisation was stopped after 7 h and
1H NMR spectroscopic analysis of the solution revealed that 73% monomerconversion had been obtained. Monitoring the change in molecular weight
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Figure 3.21. Evolution of SEC chromatograms during preparation of poly(7-co-5-g-styrene)Conditions:, [CTA]:[AIBN]:[styrene] = 1:0.1:50, [starting polymer] = 0.003 M in CHCl3 at 65 °C.
Figure 3.22. Evolution of SEC chromatograms during preparation of poly(7-co-5-g-MA)Conditions: [CTA]:[AIBN]:[MA] = 1:0.1:50, [starting polymer] = 0.003 M in CHCl3 at 65 °C.
distribution with respect to time revealed that for polymerisations of MA, graft-graft coupling was not observed until > 50% monomer conversion (Figure 3.22)and the final polymer showed significantly reduced graft-graft couplingcompared to analogous poly(styrene) polymerisations as judged by SECanalysis.
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The amount of linear homopolymer and termination by graft-graft coupling isproportional to the number of radicals generated during polymerisation;therefore reducing the concentration of radicals in the polymerisation systemshould prevent such undesirable side reactions. In practice however, it wasfound that halving the concentration of AIBN led to longer polymerisationtimes, which in turn increased the total number of radicals generated during thepolymerisation. Thus no significant difference was observed in the amount ofgraft-graft coupling and linear PMA between polymerisations with 0.1 and 0.05equivalents of AIBN with respect to RAFT CTA concentration (Figure 3.23).Consequently, to prepare graft copolymers in the absence of termination bygraft-graft coupling, polymerisations were terminated at low MA conversions(ca. 30%). After precipitation into methanol, to remove linear PMAhomopolymer impurities, well-defined graft copolymers with monomodal SECchromatograms and narrow dispersities (ÐM ≤ 1.2) were isolated (Figure 3.24).   
Figure 3.23. SEC chromatograms of poly(7-co-5-g-MA) with varying equivalents of AIBN. 0.05eq. of AIBN (Mn = 6.4 kDa, ÐM = 3.54), 0.1 eq. of AIBN (Mn = 9.4 kDa, ÐM = 2.68). Conditions:[CTA]:[MA] = 1:50, [starting polymer] = 0.003 M in CHCl3 at 65 °C.
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Figure 3.24. (Left) SEC chromatogram of graft copolymer P3 poly(713-co-54-g-MA15) (Mn = 10.9kDa, ÐM = 1.14). Conditions: [CTA]:[AIBN]:[MA]) = 1:0.1:50, in CHCl3 at 65 °C. (Right) Pseudo-first-order kinetic plot up to 30% MA conversion. Conditions: [CTA]:[AIBN]:[MA] = 1:0.1:500, inCHCl3 at 65 °C.
The linear behaviour of the pseudo-first-order kinetic plot up to 30% monomerconversion after a short inhibition period, demonstrates that the concentrationof radicals in the polymerisation system is constant and provides furtherevidence that no significant termination by graft-graft coupling or othermechanisms is occurring .
3.2.4.2 Synthesis of Graft Copolymers by RAFT Polymerisation:
Varying Arm Length and Grafting DensityVariation of the equivalents of methyl acrylate used during polymerisationenabled the synthesis of polymers P3-6, with different arm lengths rangingfrom DP 15 to DP 120. Again, well-defined graft copolymers with monomodalSEC traces and narrow molecular weight distributions were obtained after
0
0.1
0.2
0.3
0.4
0 1000 2000 3000 4000 5000
ln
([M
] 0
/[M
] t)
Time (s)
0
0.2
0.4
0.6
0.8
1
1000 10000 100000
dw
/d
lo
gM
Mw (g mol-1)
147
precipitation by terminating the polymerisations at low monomer conversion(Figure 3.25).PMA graft copolymers with higher grafting densities were prepared bygrowing PMA arms from polycarbonates with greater incorporations ofmonomer 5; P1, P2a and P2b (100%, 52% and 34% incorporation of monomer
5 respectively). For polymers with 52% and 34% RAFT CTA incorporationwell-defined graft copolymers were isolated after precipitation (P7 and P8Table 3.6). However, some graft-graft coupling was observed when graftingfrom the polymer with the highest incorporation of RAFT CTA functionality, P1,even at lower monomer conversions (ca. 20%). This was attributed to thegreater concentration and close proximity of the RAFT CTA sites in polymer P1leading to an increased likelihood of graft-graft coupling. Termination of thepolymerisation below 15% monomer conversion allowed this limitation to be
Figure 3.25. SEC chromatograms of graft copolymers P3 (poly(713-co-54-g-MA15), Mn = 10.9kDa, ÐM = 1.14), P4 (poly(713-co-54-g-MA31), Mn = 15.6 kDa, ÐM = 1.15), P5 (poly(713-co-54-g-MA59), Mn = 33.9 kDa, ÐM = 1.18) and P6 (poly(713-co-54-g-MA120), Mn = 55.4 kDa, ÐM = 1.23).
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overcome and hence provides access to well-defined highly dense graftcopolymer structures (P9 Table 3.6 and Figure 3.26).
Figure 3.26. SEC chromatograms of graft copolymers P8 poly(710-co-511-g-MA36) (Mn = 24.4kDa, ÐM = 1.17) and P9 poly(520-g-MA48) (Mn = 44.7 kDa, ÐM = 1.12).
Table 3.6. Characterisation of PMA graft copolymers P3-P9.
Polymer Structure Monomer
conversion (%)e
Mn(NMR)
(kDa)e
Mn(SEC)
(kDa)f
ÐMf
P3a Poly(713-co-54-g-MA15) 24 9.2 10.9 1.14
P4b Poly(713-co-54-g-MA31) 23 14.7 15.6 1.15
P5c Poly(713-co-54-g-MA59) 30 24.3 33.9 1.18
P6d Poly(713-co-54-g-MA120) 27 45.4 55.4 1.23
P7b Poly(713-co-57-g-MA39) 30 28.9 23.9 1.17
P8b Poly(710-co-511-g-MA36) 21 40.0 24.4 1.17
P9c Poly(520-g-MA48) 14 89.6 44.7 1.12
a50 eq. of MA. b100 eq. of MA. c250 eq. of MA. d500 eq. of MA. eDetermined by 1H NMRspectroscopy. fDetermined by SEC analysis in CHCl3 using PMMA standards. Conditions:[CTA]:[AIBN] = 1:0.1 in CHCl3 at 65 °C.
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1H NMR spectroscopic analysis of polymerssinglet at δ = 3.66 ppm and multiple resonances atcorrespond to the methyl group of the PMA repeat unit and the PMA backbonerespectively (Figure 3.27from the polycarbonategroup fidelity of the PMA arms was confirmed by theand triplet resonancesthe ethyl group of the RAFT CTA moiety. By comparison of the integrPMA repeat unit and the integrals corresponding to the ethyl group of the RAFTCTA moiety, the average DP of the PMA arms was determined and found to be inexcellent agreement with theoretical values of DP based on monomerconversion. Furthermocorresponds to the benzyl protons adjacent to the trithiocarbonate group,confirms quantitative “grafting from” all RAFT CTA groups located along thepolycarbonate backbone .
Figure 3.27. 1H NMR spectrum (400 MHz; CDCl(*CHCl3).
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P3-9 reveals the
δ = 1.00
). Resonances at δ = 4.27 and 1.23 ppm that resultbackbone were also observed. Theretentionat δ = 3.37 and 1.35 ppm respectively, that correspond to
re, the complete loss of resonance at δ
3) of graft copolymer P7 poly(
appearance of a– 2.50 ppm that
RAFT CTA endof the quartet
al of the
= 4.73 ppm, that
713-co-57-g-MA39)
Analysis of the graft copolymers by diffusion(DOSY) revealed thatunit (δ = 4.27 and 1.23 ppm)ppm) possess a single diffusion coefficientindeed attached to thespectra also showed no evidence of resipresent in the precipitated samples.
Figure 3.28. 1H NMR DOSY spectrum (500MHz; CDClMA39).
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-ordered Nresonances that correspond to the polycarbonateand PMA repeat unit (δ = 1.00, indicating that the PMA arms apolycarbonate backbone (Figure 3.28dual PMA homopolymer impurities
3) of graft copolymer
MR spectroscopyrepeat– 2.50 and 3.66re). The DOSY
P7 poly(713-co-57-g-
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3.2.4.3 Synthesis of Graft Copolymers by RAFT Polymerisation:
Growth of Hydrophilic MonomersTo further demonstrate the versatility of this method, graft copolymers wereprepared using the thermoresponsive monomer N-isopropylacrylamide(NiPAm) and the pro-hydrophilic monomer tetrahydropyran acrylate (THPA)(Figure 3.29), where poly(THPA) can be deprotected to afford poly(acrylicacid). Poly(NiPAm) and poly(THPA) arms were grown from polymer P2c (24%incorporation of 5), with either 100 or 250 equivalents of monomer per CTAunit and [starting polymer] = 3.0 mM in chloroform. Similar to the grafting ofmethyl acrylate, following the polymerisations by SEC analysis with respect totime revealed the presence of linear homopolymer impurities and occurrence ofgraft-graft coupling at higher monomer conversions (Figure 3.30).Linear poly(NiPAm) impurities could be removed by precipitation in diethylether, whereas linear poly(THPA) impurities were removed by precipitation inpetroleum ether 40-60 °C. When polymerisations were terminated at ca. 35%monomer conversion and subsequently precipitated, the resultingpolycarbonate-graft-poly(NiPAm) (P10) and polycarbonate-graft- poly(THPA)(P11) copolymers showed narrow molecular weight distributions by SECanalysis (Figure 3.31 and Table 3.7).
Figure 3.29. Monomers used to prepare hydrophilic graft copolymers.
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Figure 3.30. Evolution of SEC chromatograms during preparation of poly(7-co-5-g-NiPAm)Conditions: [CTA]:[AIBN]:[NiPAm] = 1:0.1:250, [starting polymer] = 0.003 M in CHCl3 at 65 °C.
Figure 3.31. SEC chromatograms of graft copolymers P10 poly(713-co-54-g-NiPAm40) (Mn =22.3 kDa, ÐM = 1.15) and P11 poly(713-co-54-g-THPA32) (Mn = 12.2 kDa, ÐM = 1.32).
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Table 3.7. Characterisation of graft copolymers P10 and P11.
Polymer Structure Monomer
conversion (%)
Mn(NMR)
(kDa)a
Mn(SEC)
(kDa)
ÐM
P10 Poly(713-co-54-g-NiPAm40) 35 23.0 22.3b 1.15b
P11 Poly(713-co-54-g-THPA32) 35 26.1 12.2c 1.32c
aDetermined by 1H NMR spectroscopy. bDetermined by SEC analysis in DMF using PMMAstandards. cDetermined by SEC analysis in CHCl3 using PMMA standards. Conditions:[CTA]:[AIBN]:[monomer] = 1:0.1:100 in CHCl3 at 65 °C.
3.2.4.4 Synthesis of Graft Copolymers by RAFT Polymerisation:
Thermal PropertiesAnalysis of the PMA and poly(NiPAm) graft copolymers by differential scanningcalorimetry was performed to investigate the effect of chemical structure on thethermal properties of the polymers. The growth of PMA arms from thepolycarbonate backbone decreased the glass transition temperature (Tg) of thegraft copolymers compared to the polymer prior to RAFT polymerisation (Table3.8). For example, polymer P2c displayed a Tg of 21.6 °C before RAFTpolymerisation, decreasing to 18.0 °C when PMA arms of DP 31 (P4) were
Table 3.8. Glass transition temperatures of PMA and poly(NiPAm) graft copolymers.
Polymer Structure Tg (°C)a
P2c Poly(713-co-54) 21.6
P4 Poly(713-co-54-g-MA31) 18.0
P5 Poly(713-co-54-g-MA59) 20.0
P6 Poly(713-co-54-g-MA120) 21.5
P10 Poly(713-co-54-g-NiPAm40) 125.4
aDetermined by DSC analysis at the second scan.
grown from the backbone. A slight increase inlength was increaseddisplayed a significantly highercopolymers.
3.2.5 Self-Assembly ofThe hydrophobic nature of thehydrophilic behaviourprovided the opportunity to form selfpossessing a polycarbonate
3.2.5.1 Self-Assembly of
isopropylacrylamide): Particle Formation and CharacterisationInitial investigations into the selfwas insoluble in water at room temperature, but was found to solubilise whenthe temperature of the solution was reduced to 4
Scheme 3.8. Self
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Tg was observed as PMA a. As expected the poly(NiPAm) graft copolymer
Tg (125.4 °C) than that of the PMA graft
Polycarbonate-g-Poly(N-isopropylacrylamide)polycarbonate backbone and thermoresponof the poly(NiPAm) arms of graft copolymer-assembled nanostructurescore and poly(NiPAm) shell (Scheme 3
Polycarbonate
-assembly behaviour of P10 found the polymer
°C. Consequently, the self
-assembly of graft copolymer P10 (poly(713-co-54
rm
P10
sive
P10in water,.8).
-g-Poly(N-
-
-g-NiPAm40)).
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assembly of P10 could be induced by direct dissolution, where the polymer was
dissolved in nanopure water (18.2 mΩ·cm) at 4 °C, at a concentration of 1 mg/mL. Analysis of the resulting solution by dynamic light scattering (DLS)confirmed the presence of nanostructures with a number-average solutionhydrodynamic diameter, Dh, of 12 ± 0.4 nm (Figure 3.32). A slightly broaddispersity of 0.331 was observed for the particles as a consequence of largeraggregated species as observed in the intensity profile and thought to be causedby favourable interactions between poly(NiPAm) corona. Attempts to optimisethe self-assembly conditions by preparing solutions at lower concentrations(0.25 mg/mL) and utilising a solvent switch method, from THF to nanopurewater, did not reduce the formation of these aggregates. DLS analysis of P10 innanopure water was compared with DLS analysis of P10 in THF, a good solventfor both the polycarbonate backbone and poly(NiPAm) arms. The polymer THFsolution gave a lower number-average solution hydrodynamic diameter of
Figure 3.32. DLS analysis of particles prepared from P10 poly(713-co-54-g-NiPAm40) at 1mg/mL in nanopure water at 4 °C.
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Figure 3.33. Correlation function for poly(713-co-54-g-NiPAm40) particles at 1 mg/mL innanopure water at 4 °C.
7.5 ± 0.4 nm, indicating the presence of unimers in THF in contrast to theassembled structures observed in nanopure water.The size and morphology of the self-assembled nanostructures was furtherinvestigated by dry-state transmission electron microscopy (TEM). TEMsamples were prepared by drop deposition onto a copper/carbon gridpreviously deposited with a thin film of graphene oxide. The grids were cooledto 4 °C prior to sample deposition and kept at this temperature until all waterhad evaporated. The use of a nearly electron transparent graphene oxide filmresults in excellent image contrast without the use of staining.68 Well-definedspherical micellar structures were observed by TEM with an average diameterof 12 ± 2 nm (Figure 3.34).
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Figure 3.34. TEM analysis of particles prepared from P10 poly(713-co-54-g-NiPAm40). (Left)TEM image, scale bar = 100 nm. (Right) TEM size distribution histogram.
3.2.5.2 Self-Assembly of Polycarbonate-g-Poly(N-
isopropylacrylamide): Thermoresponsive BehaviourThe lower critical solution temperature (LCST) of the micelles in nanopurewater was determined spectrophotometrically by measuring the turbidity ofthe solution (1 mg/mL) at various temperatures (6 – 30 °C), with a 1 °C/minheating/cooling cycle. A sharp transition was observed in the plot oftransmittance versus temperature corresponding to an LCST of 20 °C (Figure3.35), 12 °C lower than the LSCT reported for poly(NiPAm) homopolymer.69This decrease in LCST was attributed to the close proximity of the poly(NiPAm)arms to the hydrophobic polycarbonate backbone, as a consequence of thegrafted structure of the copolymer, therefore increasing the overallhydrophobicity of the polymer. Similar findings have previously been reportedfor amphiphilic poly(NiPAm) block copolymers.70 The heating and coolingtraces for the transition overlaid well indicating minimal hysteresis occurred
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Figure 3.35. Plot of percentage transmittance against temperature (°C) for graft copolymer P10poly(713-co-54-g-NiPAm40) at 1 mg/mL in nanopure water, heating/cooling rate = 1 °C/min.
during the phase transition. Micelles readily reformed upon cooling, asdetermined by DLS analysis, indicating the transition was indeed reversible(Figure 3.36).
Figure 3.36. DLS analysis of particles formed after a heating/cooling cycle from P10 poly(713-
co-54-g-NiPAm40) at 1 mg/mL in nanopure water at 4 °C.
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3.3 ConclusionsIn conclusion, a novel cyclic carbonate monomer bearing a RAFT CTA pendentgroup has been synthesised and its ring-opening polymerisation demonstratedusing a range of organocatalyst systems. The optimum catalyst system, 5 mol%1,8-diazabicycloundec-7-ene (DBU), exhibited excellent control and activity andyielded well-defined polycarbonates with low dispersity values and monomodalmolecular weight distributions. The incorporation of RAFT CTA functionalityinto the polycarbonate backbone was varied through copolymerisation of theRAFT-functional cyclic carbonate monomer with an ethyl-functional cycliccarbonate monomer. Subsequent RAFT polymerisations allowed thepreparation of graft copolymers with a degradable polycarbonate backbone, byan R-group RAFT approach. Optimisation of the RAFT polymerisationconditions; specifically polymerising fast propagating monomers andterminating polymerisations at low conversions, enabled the synthesis of well-defined graft copolymers with narrow molecular weight distributions andpredictable arm lengths. Control of the solution and thermal properties of thegraft copolymers was achieved through variation of graft length, graftingdensity and grafting monomer. The growth of poly(NiPAm) from thepolycarbonate backbone afforded thermoresponsive amphiphilic graftcopolymers, that were found to self-assemble in nanopure water at 4 °C,providing a convenient route to novel thermoresponsive biodegradablemicelles. This work demonstrates how combining disparate polymerisationtechniques, namely ROP and RAFT, provides a versatile methodology toincorporate functionality into polycarbonates.
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4 Cyclic Graft Copolymers by Ring-Opening and Reversible-
Addition Fragmentation Chain Transfer Polymerisation
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4.1 IntroductionThe properties of polymers are inherently linked to their structure. Aided byadvancements in controlled polymerisation techniques,1-5 polymers with adiverse range of topologies have been prepared, including well-defined block,star,6-8 cyclic,9-13 graft,14-17 branched18-21 and dendritic22, 23 polymers. However,as our ability to access different polymer architectures increases, so does thedesire to explore increasingly complex and unusual polymer structures,including mikto-arm star polymers,24 multi-cyclic topologies25, 26 or hybridarchitectures.27 Consequently, the preparation of cyclic graft copolymers hasattracted increasing attention in order to elucidate the effect of their unusualarchitecture on polymer properties. Cyclic polymers and graft copolymers areknown to exhibit unique behaviour in comparison to linear polymers andtherefore the combination of these two architectures is expected to impartunique physical properties on the resulting materials.9, 12, 14, 15, 28Similar to the preparation of linear graft copolymers, cyclic graft copolymerscan be prepared by either a “grafting-from”, “grafting-to” or “grafting-through”approach and cyclisation can be achieved via ring-closure or ring-expansiontechniques. For the preparation of cyclic graft copolymers via a ring-closureapproach cyclisation is performed before “grafting-to” or “grafting-from” thecyclic backbone, to prevent a decrease in cyclisation yield as a consequence ofsteric crowding. Similarly, the combination of “grafting-through” and ring-closure techniques is not favored.Schappacher and Deffieux first reported the preparation of cyclic graftcopolymers in 1999 via a ring-closure/”grafting-to” approach to yield cyclicpoly(chloroethyl vinyl ether)-g-poly(styrene) (PCEVE-g-PS), where the PCEVE
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backbone and PS arms were prepared via living cationic and anionicpolymerisations respectively.29 In a later report, the same group pioneered theuse of atomic force microscopy (AFM) to visualise high molecular weight cyclicgraft copolymers (Figure 4.1).30 Chen et al. also used a combination of ring-closure and “grafting-to” in the synthesis of cyclic poly(acrylic acid)-g-poly(ethylene glycol) (PAA-g-PEG), where the cyclic PAA backbone wasprepared via the atom transfer radical polymerisation (ATRP), ring-closure anddeprotection of tert-butyl acrylate.31 Amine-functional PEG was subsequentlygrafted to the cyclic PAA backbone via amidation.Huang and coworkers have investigated the preparation of cyclic graftcopolymers via a combination of ring-closure and “grafting-from” techniques. Aseries of cyclic graft copolymers with poly(ethylene oxide) (PEO) backboneswere prepared via the anionic ring-opening polymerisation (ROP) of ethylene
Figure 4.1. AFM phase images of cyclic polystyrene combs with increasing cyclic DP and/orwith different PS graft lengths (scale bars = 100 nm).
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oxide and functional epoxide monomers, allowing the introduction of initiationgroups into the PEO backbone.32-34 Poly(ethylene oxide)-g-poly(styrene) (PEO-
g-PS) was prepared by two methods; in the first approach PS was grown bynitroxide mediated polymerisation (NMP), from pendent 2,2,6,6-tetramethylpiperdine-1-oxyl (TEMPO) groups located on the backbone,32whereas in the second approach, PS was grown by atom transfer radicalpolymerisation (ATRP) from 2-bromoisobutyryl bromide groups located on thecyclic PEO backbone.34 Similarly, cyclic poly(ethylene oxide)-g-poly(ε-caprolactone) (PEO-g-PCL) was prepared via the ROP of ε-CL from pendent hydroxyl groups on the cyclic PEO backbone.33 Huang and coworkers have alsoreported the combination of “grafting-from” and “grafting-to” approaches toprepare cyclic poly(2-hydroxyethyl methacrylate)-g-(poly(stryrene)-b-poly(ethylene oxide)) (PHEMA-g-(PS-b-PEO)) via ATRP and single-electrontransfer nitroxide radical coupling.35The use of ring-expansion techniques to prepare cyclic graft copolymers hasbeen reported in combination with “grafting-to”, “grafting-from” and “grafting-through” approaches. Grubbs and coworkers prepared high molecular weightcyclic graft copolymers via the ring-expansion metathesis polymerisation(REMP) of PS- and poly(lactic acid) (PLA)-functional norbornenemacromonomers, demonstrating a “grafting-through” approach.36 While Tewand coworkers have utilised both “grafting-from” and “grafting-to” techniquesin combination with REMP to prepare cyclic graft copolymers.37-39 A range ofcyclic poly(norbornene)-g-poly(ester) copolymers were synthesised via theREMP of hydroxyl-functional norbornenes and subsequent ROP from theresulting hydroxyl initiation sites located on the cyclic poly(norbornene)
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backbone.38 In a “grafting-to” approach, cyclic poly(norbornene)-g-poly(ethylene glycol) (PNb-g-PEG) was prepared by the nucleophilicsubstitution of pentafluorophenyl (PFP) functionalised cyclic poly(norbornene),with amine-functional PEG.37 Alternatively, cyclic PNb-g-PS and cyclic PNb-g-PEG were prepared via the nucleophilic substitution of the PFP groups withpropargylamine, followed by the copper-catalysed azide-alkyne cycloaddition(CuAAC) with azide-functional PEG or PS.37 In another example, cyclic PNb-g-PS and cyclic PNb-g-PEG were prepared through supramolecular metal-ligandinteractions between ruthenium, terpyridine functionalised cyclicpoly(norbornene) and terpyridine functionalised PS or PEG.39 The resultingmetallo-supramolecular cyclic graft copolymers could be visualised bytransmission electron microscopy (TEM) and represents the first time TEM hasbeen used to image an individual polymer of cyclic topology.Li et al. reported the use of ring-expansion ROP to prepare hydroxyl-functionalcyclic PCL, where subsequent “grafting-to” via esterification with carboxylic
Figure 4.2. TEM image of metallo-supramolecular cyclic brush polymers with PEG side chains.
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acid-functional PEG yielded cyclic PCL-g-PEG.40 Nasongkla et al. used the sameapproach to prepare cyclic PCL-g-PEG, however, higher grafting densities werereported as a result of employing the highly efficient CuAAC reaction duringPEGylation.41 More recently, Zhang and coworkers prepared cyclic poly(N-carboxyanhydride)-g-PEG copolymers through the N-heterocyclic carbene(NHC) mediated zwitterionic ring-expansion ROP of propagyl-functional N-carboxyanhydride and subsequent grafting of azide-functional PEG via theCuAAC reaction.42Although these current methods have allowed access to a range of cyclic graftcopolymers, the preparation of cyclic graft copolymers with hydrophilic arms isextremely limited, with PEG arms being the only reported example.Furthermore, the introduction of PEG side arms is limited to a “grafting-to”approach which can suffer from limited grafting density as a consequence ofsteric repulsion between side arms. To prepare cyclic graft copolymers with ahigh grafting density “grafting-from” techniques are favoured, however thereare no reports of the grafting of hydrophilic monomers using this approach.The reversible addition-fragmentation chain transfer (RAFT) polymerisationtechnique is extremely versatile and has controlled the polymerisation of a widerange of monomers, including many hydrophilic monomers.43-46 In this chapterthe use of RAFT polymerisation to prepare cyclic graft copolymers via a“grafting-from” approach is reported and applied to the preparation of cyclicgraft copolymers with hydrophilic side arms, greatly expanding the range ofaccessible graft compositions. Cyclic polymers with RAFT chain transfer agent(CTA) functionality located on the polymer backbone were prepared via thering-closure of RAFT CTA-functional polycarbonates, which in turn were
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prepared using procedures developed in the previous chapter. SubsequentRAFT polymerisations were also performed using the optimised conditionsreported in Chapter 3 for the preparation of linear graft copolymers.
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4.2 Results and Discussion
4.2.1 Synthetic StrategyCyclic graft copolymers with a degradable polycarbonate backbone wereprepared through a combination of ring-closure and “grafting-from” approaches(Scheme 4.1). Linear precursor polycarbonates were prepared via ring-openingpolymerisation (ROP) and subsequently end-group modified, before ring-closure via copper catalysed azide-alkyne cycloaddition (CuAAC).
Scheme 4.1. Synthetic strategy for the preparation of cyclic graft copolymers.
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RAFT polymerisation from RAFT CTA groups located on the polymer backboneof the resulting cyclic polycarbonates yielded cyclic graft copolymers. Theability to selectively cleave these cyclic graft copolymers into linear graftcopolymers was also desired, and to this end a bimolecular ring-closuremechanism was utilised, where the small molecule linking agent contained acleavable moiety. Disulfide functionality was chosen as the cleavable group,however this method provides the opportunity to incorporate a wide array ofother responsive functionalities.47
4.2.1.1 Synthesis of Homodifunctional Linear Polycarbonates: Ring-
Opening PolymerisationsRAFT CTA-functional polycarbonates were prepared using the same ROPprocedure as specified in Chapter 3, however, for this work 1,4-butanediol wasused as the polymerisation initiator to install hydroxyl functionality at bothchain-ends (Scheme 4.2). Copolymerisations of a RAFT CTA-functional cycliccarbonate monomer, 1, and an ethyl-functional cyclic carbonate monomer, 5-methyl-5-ethoxycarbonyl-1,3-dioxan-2-one, 2, were conducted indichloromethane ([total monomer] = 0.25 M) at room temperature, using 5 mol%of 1,8-diazabicycloundec-7-ene (DBU) as the polymerisation catalyst (Scheme
4.2).  Polymerisations were quenched at total monomer conversions ≥ 80% with acidic Amberlyst resin, before purification by flash columnchromatography (silica, 100% dichloromethane, then 100% ethyl acetate) toremove unreacted monomer and residual DBU. The proportion of RAFT CTAfunctionality and subsequent grafting density of the cyclic graft copolymers wastailored by varying the ratio of RAFT CTA-functional and ethyl-functional
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Scheme 4.2. Ring-opening copolymerisations of RAFT CTA-functional (1) and ethyl-functional(2) cyclic carbonate monomers.
monomers. An initial ratio of 1:1 RAFT CTA to ethyl functionality was targetedand a range of copolymers with different molecular weights were obtainedthrough variation of the initial monomer-to-initiator ratio ([M]/[I]). SECanalysis of the resulting polycarbonate copolymers revealed monomodalmolecular weight distributions with low dispersity values (ÐM ≤ 1.2), which indicates the controlled nature of the copolymerisations (Figure 4.3 and Table4.1).The comonomer feed ratio of the polymerisations was also varied to targetpolycarbonates with 100% and 20% RAFT CTA functionality. Again, thepolymers exhibited well-defined molecular weight distributions and lowvalues of ÐM (Figure 4.4). 1H NMR spectroscopic analysis of the copolymers
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Figure 4.3. SEC chromatograms of RAFT CTA-functional polycarbonate copolymers with a 1:1(1:2) comonomer feed ratio and varying degrees of polymerisation (P2a-f). Conditions:[monomer] = 0.25 M, using 5 mol% DBU and 1,4-butanediol as initiator.
Figure 4.4. SEC chromatograms of polymers P1 (100% incorporation of 1, Mn = 4.6 kDa, ÐM =1.21) and P3 (21% incorporation of 1, Mn = 6.5 kDa, ÐM = 1.16).
after purification revealed resonances that correspond to both RAFT CTA andethyl functionality (Figure 4.5). Integration of these resonances alloweddetermination of the obtained incorporation of RAFT CTA functionality andrevealed a strong agreement between the monomer feed ratio and the final
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Figure 4.5. 1H NMR spectrahomopolymer (P1) and(P3), 21% RAFT CTA functionality
composition of the copolymersCH2 groups of the 1,4also observed byincorporation of the difunctional initiatorMatrix-assisted laser desorption ionis(MALDI-ToF MS) of polymersingle sodium-charged distribution with regularweight of the RAFT CTAbutanediol initiating group,
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(400 MHz; CDCl3) of (top) RAFT CTA-functional(bottom) RAFT CTA- and ethyl-functional polycarbonate(*CHCl3, **H2O, ***acetone, ****petroleum ether
(Table 4.1). Resonances that correspond to the-butanediol initiating group at δ = 4.10 and 1.71 ppm
1H NMR spectroscopy and confirm the successful.ation time-of-flight mass spectrometry
P1 with 100% RAFT CTA-functionality,spacing equal to the- functional monomer repeat unit (m/zconfirming the extremely high end
polycarbonatecopolymer).
were
revealed amolecular= 400) and a 1,4--group fidelity of
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the polycarbonates and controlled nature of the polymerisation (Table 4.2 andFigure 4.6).
Table 4.1. Characterisation and composition of RAFT CTA- and ethyl-functional copolymers.
Polymer Monomer
ratio (1 : 2)
Polymer
compositiona
DPa Mn(NMR)a
(kDa)
Mn(SEC)b
(kDa)
ÐMb
P1 1 : 0 - 17 6.8 4.6 1.21
P2a 1 : 1 1 : 0.95 11 3.4 3.4 1.24
P2b 1 : 1 1 : 0.98 17 5.0 5.0 1.21
P2c 1 : 1 1 : 0.96 22 6.7 6.0 1.18
P2d 1 : 1 1 : 0.85 39 12.0 9.4 1.19
P2e 1 : 1 1 : 0.92 48 14.3 14.4 1.13
P2f 1 : 1 1 : 0.86 91 27.5 31.4 1.07
P3 1 : 4 1 : 3.81 23 5.6 6.5 1.16
aDetermined by 1H NMR spectroscopy. bDetermined by SEC analysis in CHCl3 usingpoly(styrene) standards. Conditions: [monomer] = 0.25 M in CH2Cl2, using 5 mol% DBU and1,4-butanediol as the polymerisation initiator.
Table 4.2. Theoretical and observed m/z values of P1.
DP Experimental m/za Calculated m/z4 1713.3 1713.25 2113.4 2113.36 2513.5 2513.37 2914.6 2913.48 3314.7 3313.4
aDetermined by MALDI-TOF MS analysis using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propylidene]malonitrile (DCTB) as a matrix, sodium trifluoroacetate as the cationisation agentand PEG monomethyl ether 2k and 5k standards.
Figure 4.6. MALDI
4.2.1.2 Synthesis of Homodifunctional Linear
Group ModificationTo incorporate alkynefunctional copolymerwith a 30 eq. excess ofamount of 4-(dimethylamino)pyridine (DMAP)(Scheme 4.3). The quanto alkyne-functional end
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-ToF MS analysis of P1 (DP = 17) initiated from 1,4
Polycarbonate
functionality onto the chain–ends of the RAFTs, the hydroxyl end-groups were esterified by reaction4-pentynoic anhydride, in the presence of a catalyticand a 300 eq.titative conversion of hydroxyl-functional end-groups was confirmed by 1H NMR spectroscopy, IR
-butanediol.
s: End-
CTA-
excess of pyridine-groups
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Scheme 4.3. End-group modification of RAFT-CTA functional polycarbonate copolymers.
spectroscopy and MALDI-ToF mass spectrometry. Comparison of the 1H NMRspectra of the telechelic polycarbonates before and after functionalisationrevealed the appearance of a triplet resonance at δ = 1.97 ppm, thatcorresponds to the terminal proton of the alkyne functionality, and newresonances at δ = 2.58 – 2.37 ppm that correspond to the CH2 groups adjacent tothe alkyne moiety (Figure 4.7). The complete downfield shift of the resonanceat δ = 3.70 ppm, that corresponds to the CH2 groups adjacent to the terminalhydroxyl functionalities was also observed. Examination of the IR spectra of thealkyne-functional telechelic polycarbonates showed the complete loss of thebroad peak at 3540 cm-1 that corresponds to the OH stretch of the hydroxylend-groups and the appearance of a new signal at 3290 cm-1 that correspondsto the CH stretch of the alkyne functionality (Figure 4.8).MALDI-ToF MS analysis of polymer P1alkyne, with 100% RAFT-CTAfunctionality, further confirmed the quantitative functionalisation of end-groups, revealing a single sodium charged distribution consistent with the
Figure 4.7. 1H NMR spectrum (400 MHz; CDClpolycarbonate copolymer
Figure 4.8. IR spectra of hydroxylpolycarbonate copolymerpeaks that correspond to hydroxyl and alkyne
successful esterification of both hydroxyl groups, observed as an increase inmolecular weight ofTable 4.3). Furthermore, SEC analysis revealed that the molecular weight180
3) of alkyne-terminated
P2calkyne (*CHCl3, **CH2Cl2, ***H2O).
-terminated and alkyne-terminateds. (Inset) Expansion of IR spectra (3700 – 3100 cmfunctionalities.
m/z = 161 kDa for each polymer chain (Figure 4.9
RAFT CTA-functional
RAFT CTA-functional-1) highlighting
and
Figure 4.9. MALDI-ToF MS analysis offunctionalisation.
Table 4.3. Theoretical and observed
DP56789
aDetermined by MALDIpropylidene]malonitrile (DCTB)and PEG monomethyl ether 2k and 5k standards.
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P1alkyne (DP = 17) after alkyne end
m/z values of alkyne-terminated polycarbonate
Experimental m/za Calculated2273.52673.63073.73473.93874.2-TOF MS analysis using trans-2-[3-(4-tert-butylphenyl)as a matrix, sodium trifluoroacetate as the cationisation agent
-group
, P1alkyne.
m/z2273.32673.43073.43473.53873.5-2-methyl-2-
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Figure 4.10. SEC chromatograms of hydroxyl-terminated (P3, Mn = 6.5 kDa, ÐM = 1.16) andalkyne-terminated (P3alkyne, Mn = 6.7 kDa, ÐM = 1.15) polycarbonate copolymers.
distribution of the polycarbonate copolymers remained narrow after end-groupfunctionalisation (Figure 4.10).
4.2.2 Cyclisation of Homodifunctional Linear PolycarbonatesTo successfully prepare high purity cyclic polymers via a ring-closure approach,high dilution is critical to ensure cyclisation is preferred over condensation.Furthermore, an extremely efficient cyclisation reaction is required to eliminatethe need for purification to remove linear polymer contaminants. The coppercatalysed azide-alkyne cycloaddition is a highly efficient coupling reaction thatexhibits high functional group tolerance and selectivity and has consequentlyfound extensive use in synthetic polymer chemistry.48, 49 Laurent and Graysonreported the use of the azide-alkyne cycloaddition to prepare near-quantitative
cyclic poly(styrene) and poly(ε-caprolactone).50, 51 To ensure the concentrationof the cyclisation reaction remained low, but also reduce the quantity of solventrequired, a pseudo-high dilution approach was used whereby the linear polymer
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was slowly added to the reaction via a syringe pump. As a consequence of therapid nature of the azide-alkyne cycloaddition, the concentration of unreactedlinear polymer remained infinitesimal throughout the reaction. The coppercatalysed azide-alkyne cycloaddition has also been shown to be compatible withRAFT CTA functionality52, 53 and degradable polymers, includingpolycarbonates.54-58 In this work, cyclic RAFT CTA-functional polycarbonateswere prepared through bimolecular ring-closure via the copper catalysedcycloaddition of alkyne-terminated telechelic polymers and a disulfidecontaining diazide linker.
4.2.2.1 Cyclisation of Homodifunctional Linear Polycarbonates:
Synthesis of Diazide LinkerThe disulfide containing diazide linker, bis-(azidoethyl)disulfide, 4, wasprepared according to adapted literature procedures (Scheme 4.4).59, 60 Bis-(hydroxyethyl)disulfide was reacted with methanesulfonyl chloride, in thepresence of an excess of triethylamine, to afford bis-(mesylate ethyl)disulfide(3). Subsequent nucleophilic substitution with sodium azide gave the desiredproduct in 89% overall yield after purification by flash column chromatography(silica, 1:5 ethyl acetate: petroleum ether 40-60 °C). The structure of 4 wasconfirmed by 1H NMR, 13C NMR and IR spectroscopy (Figure 4.11).
Scheme 4.4. Synthesis of the disulfide containing diazide linker 4.
Figure 4.11. 1H NMR spectrum(*CHCl3). (Inset) IR spectrum of
4.2.2.2 Cyclisation of Homodifunctional Linear
Optimisation of CyclisationThe initial conditions sprocedures reported by Grayson and coworkersreported for the successful cyclisation of poly(ester)spoly(phosphoester)sterminated polycarbonate
via syringe pump to a stirred solution of Cu(I)Brpentamethyldiethylenetriamine (PMDETA) (0.05 mM) ata rate of 0.3 mL h-1was used for initial cyclisation studies and dichloromethane was chosen as thecyclisation solvent. After complete addition of the polymer and diazidesolution, the reaction was allowed to stir for a further 3 h. The copper catalystwas removed via washing with brine, before the polymer
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(400 MHz; CDCl3) of the disulfide containing diazide linker
4.
Conditionstudied for cyclisation were based on,50 as well as similar procedures
.62 An equimolar solution of difunctional alkyne
P2balkyne (1.0 mM) and diazide linker,(0.05 mMroom. A 100 mole excess of Cu(I) catalyst per mole of polymer
solution was stirred in
4.
Polycarbonates:
the literature
51, 61 and-
4, were added) and N,N.N’,N’’-temperature, at
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Scheme 4.5. Cyclisation of RAFT CTA-functional polycarbonate copolymers.
the presence of Cuprisorb beads, filtered and finally precipitated into petroleumether 40-60 °C.
1H NMR spectroscopy was used to determine the proportion of alkyne end-groups that had undergone reaction by integration of the CH2 groups adjacentto the alkyne moiety at δ = 2.58 – 2.37 ppm. Examination of the 1H NMR spectraof the precipitated polymer revealed that only 14% of the alkyne groups hadundergone reaction. To establish whether these alkyne groups had ring-closedto form cyclic polycarbonates or undergone polycondensation to form highermolecular weight polycarbonates, the precipitated polymer was furtheranalysed by SEC. As a result of the reduced conformational freedom of cyclic
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polymers in comparison to linear polymers, cyclic polymers possess a smallerhydrodynamic volume than their linear counterparts.63 Consequently, uponring-closure cyclic polymers will exhibit a shift to an apparent lower molecularweight than the corresponding linear precursor polymer when analysed by SEC.Examination of the SEC chromatogram of the precipitated polymer revealed theappearance of a second polymer distribution at lower molecular weightconsistent with the occurrence of incomplete cyclisation (Figure 4.12). Theabsence of an additional polymer distribution at higher molecular weightconfirmed that minimal polycondensation had occurred.In an attempt to increase the yield of cyclic polymer the amount of Cu(I)Br andPMDETA was increased, however, at both 200 and 500 molar excess of catalystper polymer chain no improvement in cyclisation yield was observed (Table 4.4).
Figure 4.12. SEC chromatograms of alkyne-terminated polycarbonate P2balkyne (Mn = 7.2 kDa,
ÐM = 1.22) and partially cyclised polycarbonate (Mn = 6.6 kDa, ÐM = 1.29).
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Table 4.4 Optimisation of cyclisation conditions.
Catalyst system Cu(I) eq. Solvent Conversion of alkyne
groups (%)aCu(I)Br, PMDETA 100 CH2Cl2 14Cu(I)Br, PMDETA 200 CH2Cl2 14Cu(I)Br, PMDETA 500 CH2Cl2 16Cu(I)Br, PMDETA 100 Toluene >99CuI.P(OEt)3 100 CH2Cl2 9
aDetermined by 1H NMR spectroscopy.
The use of an alternative Cu(I) catalyst was also investigated, namely the pre-complexed catalyst copper iodide triethylphosphite (CuI.P(OEt)3). However, 1HNMR spectroscopy showed a decrease in activity; only 9% of alkyne groupsunderwent reaction. Finally, the effect of varying the reaction solvent wasstudied. Upon changing the reaction solvent from dichloromethane to toluene,quantitative reaction of the alkyne end-groups was observed by 1H NMRspectroscopy. This dramatic increase in reactivity was thought to occur as aconsequence of switching from a halogenated to a non-halogenated solvent thatstill maintained good solubility for both the polycarbonate and Cu(I) catalyst.Having optimised the conditions for successful ring-closure, the samecyclisation procedure was applied to the ring-closure of polycarbonates with100% (P1alkyne) and approximately 20% (P3alkyne) RAFT CTA functionality, aswell as varying degrees of polymerisation.
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4.2.2.3 Cyclisation of Alkyne-Functional Telechelic Polycarbonates:
CharacterisationA combination of characterisation techniques were used to confirm thesuccessful cyclisation of the RAFT CTA-functional polycarbonates. 1H NMRspectroscopic analysis of the polymers after precipitation was used to verify theend-group transformation of the polymers upon cyclisation (Figure 4.13).Complete disappearance of the resonances attributed to the terminal proton ofthe alkyne functionality at δ = 1.97 ppm was observed, as well as a shift in theresonances that correspond to the adjacent CH2 groups from δ = 2.58 – 2.37ppm to δ = 3.06 – 2.58 ppm. The appearance of resonances that correspond tothe successful incorporation of the diazide disulfide linker were also observed,specifically the resonance at δ = 3.15 ppm that corresponds to the CH2 groupsadjacent to the disulfide moiety. The preservation of the quartet and tripletresonances at δ = 3.36 and 1.34 ppm respectively, that correspond to the ethylgroup of the RAFT CTA functionality, confirm that the RAFT CTA functionalitywas successfully retained during the CuAAC cyclisation reaction.The 1H NMR spectra of the cyclised RAFT CTA-functional polycarbonates didnot however show the appearance of a resonance that corresponds to theproton of the triazole ring. It was hypothesised that this resonance wasobscured by the aromatic signals at δ = 7.41 – 7.19 ppm. To confirm thishypothesis and determine the chemical shift of the triazole proton, a smallmolecule reaction was undertaken whereby the diazide disulfide linker, 4, wasreacted with ethyl pent-4-ynoate under similar CuAAC reaction conditions.Ethyl pent-4-ynoate was prepared according to the literature64 andsubsequently reacted with 4 in the presence of a catalytic amount of Cu(I)Br
Figure 4.13. 1H NMR spectrumpolycarbonate P2bcyclic.terminated linear polymer
and PMDETA in toluene (Scheme 4.6).product, 5, showed the4.14).To provide further evidence of the successful formation of the triazole ringduring ring-closure, an alkyneonly ethyl-functional carbonate repeatcyclised using the optimanalysis of the resulting polymer after purification, revealed the appearance of a
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Scheme 4.6. Small molecule model reaction for CuAAC with disulfide containing diazide
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Figure 4.14. 1H NMR spectrum(*CHCl3).
resonance at δ = 7.46 ppm that was attributed to the proton of the triazole ring(Figure 4.15). Theresonance at δ = 4.62 ppm that corresponds to the CHlinker molecule adjacent to the triazole ring, that was previously obscured byresonances ascribed to the RAFT CTA functionaliAnalysis of the cyclised polymers by IR spectroscopy also provided evidence tosupport the successful endcyclisation, specifically the complete loss of the signal at 3290 cmcorresponds to the CH stretch of the terminal alkyne groups (Figure 4.16).
Figure 4.15. 1H NMR spectrum(*CHCl3, **CH2Cl2). 190
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Figure 4.16. IR spectra of alkyne terminated linear polymer
P2bcyclic. (Inset) Expansion of IR spectra (3400functionality.
Analysis of polymersalkyne-functional linear precursortime and therefore a reduction in apparent molecular weight, providingevidence of successful cyclisationmolecular weight distributions and low dispersity values were
Table 4.5. SEC analysis of cyclic
Polymer Mn(SEC)
(kDa)
P1cyclic 7.1
P2acyclic 3.8
P2bcyclic 7.2
P2ccyclic 7.4
P3cyclic 6.7
aDetermined by SEC analysis in CHCl
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P2balkyne– 3200 cm-1) highlighting loss of alkyne
P1cyclic, P2a-ccyclic and P3cyclic by SEC in comparison to thepolymers, revealed an increase in retention
(Table 4.5 and Figure 4.17
polycarbonates, P1cyclic, P2a-ccyclic and P3cyclic
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Figure 4.17. SEC chromatograms of RAFT CTA-functional cyclic polycarbonates and alkyne-terminated linear precursor polymers; (top left) P1 100% RAFT CTA incorporation, (top right)
P3 21% RAFT CTA incorporation, (bottom left) P2b 51% RAFT CTA incorporation, DP = 17,(bottom right) P2c 51% RAFT CTA incorporation, DP = 22.
during ring-closure and the absence of any high molecular weight polymerimpurities confirmed that polycondensation had not occurred.Examination of the MALDI-ToF mass spectrum of polymer P1cyclic providedfurther evidence of successful cyclisation. An increase in molecular weight of204 Da was observed after cyclisation, consistent with the addition of oneequivalent of the diazide disulfide linker, 4, per polymer chain (Figure 4.18). In
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Figure 4.18. MALDI-ToF MS analysis of= 17).
addition to the main protonsmaller intensity that corresponds to copperobserved and again no high molecular weight impurities were detected.The combination of evidence from a range of different characterisationtechniques strongly supports the successful cyclisation of the RAFT CTAfunctional polycarbonatepolycarbonate or RAFT CTA functionalities.
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RAFT CTA- functional cyclic polycarbonate
-charged distribution, a second distribution of much-charged polymer chains
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4.2.3 Synthesis of Cyclic Graft Copolymers by RAFT PolymerisationTo prepare cyclic graft copolymers, polymer arms were grown from the RAFTCTA groups located on the cyclic polycarbonate backbone using the optimisedconditions developed in Chapter 3, for the preparation of linear graftcopolymers. RAFT polymerisations were conducted at 65 °C in chloroform,with [starting polymer] = 3.0 mM and using 2,2’-azobis(isobutyronitrile) (AIBN)as the radical initiator (Scheme 4.7). A ratio of [CTA]:[AIBN] = 1:0.1 was used,where the average number of CTA groups per polymer chain was determinedby 1H NMR spectroscopy. The growth of poly(methyl acrylate) (PMA) arms wasinitially investigated to provide comparison with the synthesis of linear-
Scheme 4.7. Synthesis of cyclic graft copolymers via RAFT polymerisation.
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polycarbonate-g-PMA copolymers in Chapter 3. The polymerisation of thehydrophilic monomers, N-acryloylmorpholine (NAM) and triethylene glycolmethyl ether acrylate (TEGA), was subsequently investigated to enable thepreparation of a series of water soluble cyclic graft copolymers.
4.2.3.1 Synthesis of Cyclic Graft Copolymers by RAFT
Polymerisation: Polymerisation of Methyl AcrylateInitial studies focused on the growth of PMA from polymer P2ccyclic (51%incorporation of RAFT CTA-functionality) using 100 equivalents of methylacrylate per CTA unit. Following the polymerisation by SEC analysis revealedthe presence of linear homopolymer impurities and the occurrence of graft-graft coupling at higher monomer conversions (Figure 4.19), as was previouslyobserved in Chapter 3 for the preparation of linear-polycarbonate-g-PMA.Using the optimised conditions developed in Chapter 3, well-defined cyclic-
Figure 4.19. Evolution of SEC chromatograms during preparation of cyclic-poly(211-co-111-g-MA19) Conditions: [CTA]:[AIBN]:[MA] = 1:0.1:100, [starting polymer] = 0.003 M in CHCl3 at 65°C.
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polycarbonate-g-PMA was prepared (P4, Mn = 24.3 kDa, ÐM = 1.16). Theoccurrence of graft-graft coupling was prevented via termination of thepolymerisation at low monomer conversion and linear PMA homopolymerimpurities were removed from the crude polymer by precipitation in methanol(Figure 4.20).
1H NMR spectroscopic analysis of the precipitated cyclic-polycarbonate-g-PMAcopolymer revealed the appearance of resonances that correspond to the PMArepeat unit; namely the singlet resonance at δ = 3.66 ppm that corresponds tothe methyl group of PMA and the multiple resonances at δ = 1.00 – 2.50 ppmthat correspond to protons from the PMA backbone (Figure 4.21). The RAFTCTA end group fidelity of the PMA arms was confirmed by the retention of thequartet and triplet resonances, at δ = 3.37 and 1.35 ppm respectively, thatcorrespond to the ethyl group of the RAFT CTA moiety. By comparison of theintegral of the PMA repeat unit against the integrals that correspond to the
Figure 4.20. SEC chromatograms of optimised cyclic-poly(2-co-1-g-MA) P4 before (Mn = 17.7kDa, ÐM = 1.52) and after (Mn = 24.3 kDa, ÐM = 1.16) precipitation.
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Figure 4.21. 1H NMR spectrum (400 MHz; CDCl(*CHCl3).
RAFT CTA moiety, theto be in excellentconversion. Resonancesalso observed at δ = 4.27 and 1.23 ppm
4.2.3.2 Synthesis of Cyclic Graft Copolymers by RAFT
Polymerisation: Polymerisation ofTo exploit this methcopolymers, the growth ofacrylate) (poly(TEGA)) andalso investigated. Again, polymerisations were conducted at 65 °C, withequivalents of monomerchloroform and AIBN as the radical initiator.acrylate, following the polymerisationanalysis revealed the presence of linear homopolymer impuri197
3) of cyclic-polycarbonate-
average DP of the PMA arms was determined and foundagreement with the expected value based on monomerthat correspond to the polycarbonate.
Hydrophilic Monomersod for the preparation of water soluble cyclic grafthydrophilic poly(triethylene glycolpoly(N-acryloylmorpholine) (poly(NAM))
per CTA unit, [starting polymer] = 3.0 mM inSimilar to the grafting of methyls of both monomers over time
g-PMA copolymer P4
backbone were
methyl etherarms was100
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occurrence of graft-graft coupling at higher monomer conversions, leading tomultimodal molecular weight distributions and large values of ÐM (Figures 2.22and 2.23).
Figure 4.22. Evolution of SEC chromatograms during preparation of cyclic-poly(211-co-111-g-NAM) Conditions: [CTA]:[AIBN]:[MA] = 1:0.1:100, [starting polymer] = 0.003 M in CHCl3 at 65°C.
Figure 4.23. Evolution of SEC chromatograms during preparation of cyclic-poly(211-co-111-g-TEGA) Conditions: [CTA]:[AIBN]:[MA] = 1:0.1:100, [starting polymer] = 0.003 M in CHCl3 at 65°C.
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Graft-graft coupling could be eliminated by stopping polymerisations at lowmonomer conversion, however, in contrast to the preparation of polycarbonate-
g-PMA copolymers, precipitation did not prove an effective method to removelinear poly(NAM) and poly(TEGA) homopolymer contaminants. Dialysis of thecyclic graft copolymers against distilled water to remove the linearhomopolymer impurities was therefore attempted. SEC analysis of the graftcopolymers after dialysis revealed a reduction in the amount of poly(TEGA)homopolymer (Figure 4.24), however no reduction in the amount poly(NAM)homopolymer was observed.A range of cyclic-polycarbonate-g-poly(NAM) copolymers with differentpoly(NAM) arm lengths, from DP 19 to DP 112, were prepared by varying theequivalents of N-acryloylmorpholine used during polymerisation (Figure 4.25and Table 4.6). Cyclic-polycarbonate-g-poly(NAM) copolymers with a lowergrafting density were also prepared by growing poly(NAM) from cyclic
Figure 4.24. SEC chromatograms of optimised cyclic-poly(211-co-111-g-TEGA12) P5 before (Mn =10.6 kDa, ÐM = 1.64) and after (Mn = 12.0 kDa, ÐM = 1.44) dialysis.
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Figure 4.25. SEC chromatograms of cyclic graft copolymers P6 (cyclic-poly(211-co-111-g-NAM19), Mn = 16.1 kDa, ÐM = 1.50), P7 (cyclic-poly(211-co-111-g-NAM32), Mn = 26.6 kDa, ÐM =1.51), P8 (cyclic-poly(211-co-111-g-NAM50), Mn = 45.3 kDa, ÐM = 1.47) and P9 (cyclic-poly(211-co-
111-g-NAM112), Mn = 60.5 kDa, ÐM = 1.66).
polycarbonate P3 with 21% RAFT CTA functionality (P10 and P11 Table 4.6).Analysis of the cyclic-polycarbonate-g-poly(NAM) copolymers by 1H NMRspectroscopy revealed resonances that correspond to both the poly(NAM) armsand cyclic polycarbonate backbone (Figure 4.26); most notably the resonancesat δ = 3.63 and 3.31 ppm attributed to the CH2 groups of the morpholine ringand the resonances at δ = 4.27 and 1.24 ppm that correspond to CH2 and CH3groups of the polycarbonate backbone respectively. Again, the presence of thequartet and triplet resonances at δ = 3.37 and 1.36 ppm that correspond to theethyl group of the RAFT CTA moiety, confirm the retention of the RAFT CTA endgroups during polymerisation.
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Figure 4.26. 1H NMR spectrumcopolymer P7 (*CHCl3, **H
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polycarbonate graft copolymers.
Structure DPa Mn(NMR)
(kDa)a
211-co-111-g-MA19) 19 24.9
11-co-111-g-TEGA11) 13 39.1
211-co-111-g-NAM19) 19 37.3
211-co-111-g-NAM32) 32 58.1
211-co-111-g-NAM50) 50 86.8
11-co-111-g-NAM112) 112 186
218-co-15-g-NAM31) 31 27.7
218-co-15-g-NAM56) 56 45.4
bDetermined by SEC analysis in CHClConditions: [CTA]:[AIBN] = 1:0.1 in CHCl3 at 65 °C
(400 MHz; CDCl3) of cyclic-polycarbonate-g2O).
Mn(SEC)
(kDa)b
ÐMb
24.3 1.1612.0 1.4416.1 1.5026.6 1.5145.3 1.4760.5 1.6620.4 1.5229.7 1.56
3 using.
-poly(NAM)
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4.3 ConclusionsIn conclusion, a new approach for the preparation of cyclic graft copolymerswith a degradable polycarbonate backbone has been developed throughcombination of ROP and a “grafting-from” approach, demonstrating for the firsttime the use of the RAFT polymerisation technique to prepare cyclic graftcopolymers. In this approach, difunctional hydroxyl-terminated RAFT CTA-functional polycarbonates were prepared via the ring-openingcopolymerisation of RAFT CTA- and ethyl- functional cyclic carbonatemonomers initiated from the difunctional initiator, 1,4-butanediol.Esterification of the hydroxyl groups yielded difunctional alkyne-terminatedpolycarbonates, which were subsequently ring-closed via reaction with adiazide linker under pseudo-high dilution cyclisation conditions. Cyclic graftcopolymers were prepared via RAFT mediated polymerisation from the CTAgroups located along the polycarbonate backbone, where variation of theidentity and equivalents of the grafting monomer allowed the preparation of arange of cyclic graft copolymers with different compositions. Particularattention was given to the grafting of hydrophilic monomers to prepare watersoluble cyclic graft copolymers and demonstrates for the first time thepreparation of water soluble graft copolymers via a “grafting from” approach,greatly expanding the range of accessible hydrophilic cyclic graft copolymers.
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5 Comparison of the Solution Properties and Self-Assembly of
Linear and Cyclic Graft Copolymers
208
5.1 IntroductionAs a consequence of their grafted structure, graft copolymers display uniquephysical properties in comparison to linear polymers.1, 2 For example, graftcopolymers exhibit improved rheological properties compared to analogouslinear polymers and have consequently been employed to improve themechanical properties of commodity plastics such as poly(propylene)3 andpoly(styrene)/poly(diene)4 systems. Furthermore, the properties of graftcopolymers can be tailored via the systematic variation of arm length, backbonelength and grafting density and to this end, an extremely versatile range ofmaterials can be prepared from graft copolymers.Recent significant interest has been given to the preparation of graftcopolymers with high grafting density, commonly termed “molecularbottlebrushes”, where steric crowding between arms causes elongation of thepolymer backbone, resulting in a transition from a flexible coil to a rigid worm-like conformation.5, 6 Amphiphilic “molecular brushes” have been found toexhibit unique self-assembly behaviour, providing access to significantly largerdomain spacings compared to the phase separation of conventional amphiphilicblock copolymers.7-10Graft copolymers with lower grafting densities have also been found to exhibitdistinct self-assembly behaviour in comparison to the self-assembly of linearpolymers.11-15 Graft copolymers comprised of a hydrophobic backbone andhydrophilic side arms are reported to form either unimolecular or multi-molecular micelles upon dissolution in water. In a unimolecular micelle, thehydrophobic backbone is adequately protected from unfavourable solventinteractions by the hydrophilic side arms resulting in a core-shell structure.
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Even in a good solvent for both the backbone and side arms, graft copolymersare reported to segregate into unimolecular core-shell structures.16, 17 Asunimolecular micelles do not possess a critical micelle concentration (cmc),such assemblies are of particular interest in intravenous drug delivery, whereconventional micelles would disassemble into unimers upon dilution in thebloodstream. Alternatively, graft copolymers self-assemble into loose micellaraggregates, where the aggregation number is typically low as a consequence ofthe increased number of hydrophilic blocks per hydrophobic block incomparison to assemblies comprised of linear block copolymers. Whether graftcopolymers self-assemble into unimolecular or multi-molecular micelles isdependent on grafting density, the number of side arms and the composition ofthe side arms and backbone, as these factors determine how well thehydrophilic arms can shield the hydrophobic backbone. The preparation ofparticles with a diverse range of morphologies including vesicles, compoundmicelles and lamellae have also been reported via the self-assembly of graftcopolymers with more complex compositions, for example, block copolymer ormixed arm systems.18-26The properties of cyclic graft copolymers are relatively unexplored, although afew examples of their distinct behaviour in comparison to linear graftcopolymers have been reported. Huang and coworkers found that cyclicpoly(ethylene glycol)-g-poly(styrene) could extract significantly more dye thanlinear poly(ethylene glycol)-g-poly(styrene).27 On average one molecule ofcyclic graft copolymer could encapsulate up to 6 dye molecules, whereas the
equivalent linear graft copolymers could only encapsulate ≤ 0.7 dye molecules per polymer. This difference in encapsulation behaviour was attributed to the
ability of the cyclic graft copolymers todye molecules, whereas several linear graft copolymers were needed toencapsulate a single dye molecule (Figure 5.1).coworkers reported that cyccirculation times and higher tumor accumulation compared to linear graftcopolymer analogues.assembly of cyclic graft copolymspherical micelles (D
g-poly(ethylene oxide)caprolactone units were attached to a PEO chainDeffieux reported the preparation of polymeric nanotubesof densely graftedpoly(styrene) (PS) and poly(isoprene)AFM revealed the nanotubes possessed a PS core and PI corona with an overall
Figure 5.1. Extraction of hydrophilpoly(styrene) copolymers. 210
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diameter of ca. 100 nm and length of ca. 700 nm, where the diameter of thenanotubes corresponded to the diameter of the cyclic graft copolymers,suggesting that self-assembly had occurred in a cofacial manner between cyclicgrafts.In Chapters 3 and 4 procedures for the synthesis of well-defined linear andcyclic graft copolymers were developed using a combination of ROP and RAFTpolymerisation techniques. In this chapter, the solution properties of cyclicgraft copolymers comprised of a hydrophobic polycarbonate backbone andhydrophilic poly(N-acryloylmorpholine) side arms are compared with theproperties of equivalent linear graft copolymers. It is shown that the self-assembly and thermoresponsive behaviour of graft copolymers can bedramatically modified through cyclisation of the polymer backbone.
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5.2 Results and Discussion
5.2.1 Linear and Cyclic Graft Copolymer SynthesisA series of linear and cyclic graft copolymers with equivalent compositions andmolecular weights were prepared via a combination of ring-openingpolymerisation (ROP) and reversible addition-fragmentation chain transfer(RAFT) polymerisation as previously reported in Chapters 3 and 4. A RAFTCTA-functional cyclic carbonate monomer (1) and an ethyl-functional cycliccarbonate monomer (2) were copolymerised using 1,4-butanediol as the ROPinitiator to afford hydroxyl-terminated telechelic polycarbonates (Scheme 5.1).For the preparation of cyclic graft copolymers, subsequent end-groupmodification via reaction with 4-pentynoic anhydride yielded alkyne-functionaltelechelic polycarbonates. Cyclisation was achieved through copper-catalysedcycloaddition with a diazide small molecule linker under pseudo-high dilution,where the small molecule linker contained a disulfide unit to enable cleavage ofthe cyclic polycarbonate backbone. Subsequent RAFT polymerisation using theoptimised conditions reported in Chapter 3 yielded well-defined cyclic graftcopolymers. To prepare the equivalent linear graft copolymers, RAFTpolymerisation proceeded directly after ROP.The comonomer feed ratio of cyclic carbonate monomers 1 and 2 was 1:1,therefore, a polymer side arm was grown from ca. 50% of the repeat units ofthe polycarbonate backbone during RAFT polymerisation. The graft copolymerarms were composed of the hydrophilic, biocompatible poly(acrylamide),poly(N-acryloylmorpholine) (poly(NAM)) and a series of linear and cyclic graftcopolymers with different arm lengths (ca. 20, 30, 50 and 110) were prepared
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Scheme 5.1. Synthesis of linear and cyclic graft copolymers via ROP and RAFT polymerisation.
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by variation of the equivalents of N-acryloylmorpholine used duringpolymerisation (Table 5.1 and Figure 5.2). To ensure the equivalent linear andcyclic graft copolymers had very similar compositions and enable a goodcomparison between their properties, RAFT polymerisations were targeted togive linear and cyclic grafts with the same poly(NAM) arm length. Furthermore,the cyclic and linear graft copolymers were derived from the same startingpolycarbonate so in each case possessed the same number of RAFT CTAinitiation sites.
Table 5.1. Characterisation of cyclic and linear graft copolymers.
Polymer Structure Arm
DPa
Mn(NMR)
(kDa)a
Mn(SEC)
(kDa)b
ÐMb
P1 cyclic-poly(211-co-111-g-NAM19) 19 37.3 16.1 1.50
P2 linear-poly(211-co-111-g-NAM19) 19 37.0 15.7 1.38
P3 cyclic-poly(211-co-111-g-NAM32) 32 58.1 23.0 1.46
P4 linear-poly(211-co-111-g-NAM28) 28 51.3 18.0 1.44
P5 cyclic-poly(211-co-111-g-NAM50) 50 86.8 45.3 1.47
P6 linear-poly(211-co-111-g-NAM47) 47 81.6 37.5 1.41
P7 cyclic-poly(211-co-111-g-NAM112) 112 186 60.5 1.66
aDetermined by 1H NMR spectroscopy. bDetermined by SEC analysis in CHCl3 usingpoly(styrene) standards. Conditions: [CTA]:[AIBN] = 1:0.1 in CHCl3 at 65 °C.
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Figure 5.2. SEC chromatograms of cyclic-poly(211-co-111-g-NAM19) (P1, Mn = 16.1 kDa, ÐM =1.50) and linear-poly(211-co-111-g-NAM19) (P2, Mn = 15.7 kDa, ÐM = 1.38).
5.2.2 Formation of Unimolecular Graft Copolymer MicellesSolutions of cyclic and linear graft copolymers P3 – P7 in water, a selectivesolvent for the poly(NAM) side arms, and THF, a good solvent for both thepolycarbonate backbone and poly(NAM) side arms, were analysed by dynamiclight scattering at a concentration of 2 mg/mL. Comparison of the numberaverage hydrodynamic diameters (Dh) of P3 – P7 in both solvents revealed thatthe linear and cyclic graft copolymers did not aggregate upon dissolution inwater and instead formed unimolecular micelles, where the hydrophobicpolycarbonate backbone formed the core and the hydrophilic poly(NAM) sidearms formed the corona (Table 5.2). The values of Dh for the graft copolymersin THF were found to be slightly larger than values of Dh for the graftcopolymers in water, as THF can penetrate both the corona and core of the graftcopolymer unimolecular micelles, whereas water is excluded from the
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Table 5.2. DLS analysis of linear and cyclic graft copolymers, P3 – P7.
Polymer Topology Arm DPa Dh(H2O) (nm)b Dh(THF) (nm)b
P3 Cyclic 32 7.6 ± 0.5 7.9 ± 0.4
P4 Linear 28 6.7 ± 0.4 7.2 ± 0.5
P5 Cyclic 50 10 ± 1 12 ± 1
P6 Linear 47 7.7 ± 0.6 8.9 ± 0.2
P7 Cyclic 112 12 ± 0.4 14 ± 0.04
aDetermined by 1H NMR spectroscopy. bDetermined by DLS analysis, number average solutiondiameter.
hydrophobic core. The formation of unimolecular micelles from graftcopolymers P3 – P7 demonstrates that a poly(NAM) arm length ≥ 30  and a  grafting density of ca. 50%, is sufficient to protect the hydrophobicpolycarbonate backbone from unfavourable solvent interactions.It was also observed that Dh increased with increasing poly(NAM) arm lengthfor both the cyclic and liner graft copolymers (Table 5.2 and Figure 5.3).Furthermore, although values of Dh were found to be similar for cyclic andlinear graft copolymers with the same poly(NAM) arm length, cyclic graftcopolymers consistently displayed slightly larger values of Dh than theequivalent linear graft copolymer (Figure 5.4). For example, cyclic and lineargraft copolymers with poly(NAM) arm lengths of 32 and 28 respectivelyexhibited number average solution diameters of 7.6 and 6.7 nm. Cyclic andlinear graft copolymers with poly(NAM) arm lengths of 50 and 47 exhibitedlarger values of Dh (cyclic Dh = 10 nm, linear Dh = 7.8 nm). Cyclic graftcopolymer P7, with a poly(NAM) arm length of 112, exhibited the largest valueof Dh at 12 nm.
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Figure 5.3. DLS analysis of cyclic-poly(211-co-111-g-NAM) with poly(NAM) arm lengths 32 (P3),50 (P5) and 112 (P7).
Figure 5.4. DLS analysis of (left) cyclic-poly(211-co-111-g-NAM32) (P3, Dh = 7.6 nm) and linear-poly(211-co-111-g-NAM28) (P4, Dh = 6.7 nm), (right) cyclic-poly(211-co-111-g-NAM50) (P5, Dh = 10nm) and linear-poly(211-co-111-g-NAM47) (P6, Dh = 7.8 nm).
To gain further insight into the solution conformations of these unimolecularmicelles, solutions of P5 and P6 in water and 1,4-dioxane were analysed bysmall angle x-ray scattering (SAXS) at a concentration of 0.5 mg/mL. A cleardifference was observed in the shape of the curves for the cyclic and linear graft
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copolymers in both water and 1,4-dioxane for plots of scattering intensity (I(q))
versus the scattering vector (q) (Figures 5.5 and 5.6). Fitting the data to a
Figure 5.5. SAXS profiles of cyclic-poly(211-co-111-g-NAM50) (P5) and linear-poly(211-co-111-g-NAM47) (P6) in water at 0.5 mg/mL.
Figure 5.6. SAXS profiles of cyclic-poly(211-co-111-g-NAM50) (P5) and linear-poly(211-co-111-g-NAM47) (P6) in 1,4-dioaxane at 0.5 mg/mL.
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Guinier-Porod model provided some information about the size and shape ofthe graft copolymers in solution. Dimension parameters of 0.16 and 0.20 weredetermined for linear graft copolymer P6, in water and 1,4-dioxanerespectively, indicative of a spherical conformation (Table 5.3). Whereas,dimension parameters of 0.65 and 0.63 were calculated for cyclic graftcopolymer P5, in water and 1,4-dioxane respectively, suggestive of an elongatedrod-like conformation.A range of other models were used to fit the data and obtain further structuralinformation about P5 and P6. As a consequence of the graft architecture of thepolymers and their deviation from a Gaussian coil into a core-shell structure,unimer models (Debye model and Polydisperse Gaussian Coil model) did notprovide a good fit for the data of either the linear or cyclic graft copolymers.For the linear graft copolymers, the best fit was found using a polydispersecore-shell spherical model with a polydisperse core and constant shellthickness, in both water and dioxane. For the cyclic graft copolymers, inaccordance with data analysis using the Guinier-Porod model, the best fit wasobtained using a cylindrical model with dispersity in the radius, in both waterand dioxane (Figure 5.7, see appendix for further information). In agreementwith DLS analysis, both linear and cyclic graft copolymers displayed smallersolution diameters in water, a selective solvent for the poly(NAM) arms,compared to 1,4-dioxane, a good solvent for both the polycarbonate backboneand poly(NAM) side arms (Table 5.3).
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Table 5.3. Guinier-Porod fit for SAXS analysis of cyclic and linear poly(NAM) graft copolymers
P5 and P6.
Polymer Topology Solvent Rg (nm)a sa,b
P5 Cyclic H2O 4.3 ± 0.01 0.651,4-dioxane 4.5 ± 0.01 0.63
P6 Linear H2O 3.5 ± 0.02 0.161,4-dioxane 4.5 ± 0.05 0.20
aDetermined by SAXS analysis. bDimension parameter, s = 0 for spherical objects, s = 1 for rod-like objects.
Figure 5.7. SAXS profiles and data fitting for P5 and P6 in water and 1,4-dioxane; (top left) P5in water, cylindrical model with dispersity on the radius, (top right) P5 in 1,4-dioxane,cylindrical model with dispersity on the radius, (bottom left) P6 in water, spherical model forpolydisperse micelle, (bottom right) P6 in 1,4-dioxane, spherical model for polydispersemicelle.
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5.2.2.1 Formation of Unimolecular Graft Copolymer Micelles:
Thermoresponsive BehaviourIn aqueous solution poly(NAM) homopolymer does not exhibit an observabletemperature induced cloud point and is therefore considered to be permanentlywater soluble. However, the phase transition temperatures of lower criticalsolution temperature (LCST) thermoresponsive polymers can be loweredthrough the introduction of hydrophobicity into the polymer chain.Additionally, the LCST is dependent on the architecture of the polymer, forexample, polymers with a branched or grafted architecture are known todisplay lower phase transition temperatures as a consequence of the closeproximity of their side arms.31 The grafted architecture of polymers P3 – P6and the attachment of the poly(NAM) side arms to a hydrophobic polycarbonatebackbone may lower the LCST of the poly(NAM) side arms, resulting in anobservable cloud point. Furthermore, the cloud point temperatures of P3 – P6may exhibit a difference depending on whether they possess a cyclic or lineartopology.The cloud point temperatures of graft copolymers P3 – P6 in nanopure waterwere determined spectrophotometrically, by measuring the turbidity of thesolutions at 1 mg/mL, with a 1 °C/min heating and cooling rate. A largedifference was observed in the cloud point temperatures of the cyclic and lineargraft copolymers. For graft copolymers with a poly(NAM) arm length of ca. DP30, the linear graft copolymer displayed a cloud point temperature of 47 °C,whereas the cloud point temperature for the equivalent cyclic graft copolymerwas significantly higher at 67 °C (Figure 5.8). Furthermore, for graftcopolymers with poly(NAM) arm lengths of ca. DP 50 the cloud point
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temperature of the linear graft was found to be 74 °C, however no cloud pointwas observed below 100 °C for the equivalent cyclic graft copolymer (Figure5.9). The dramatic difference in cloud point temperature between linear and
Figure 5.8. Plot of percentage transmittance (%) against temperature (°C) for cyclic-poly(211-
co-111-g-NAM32) (P3) and linear-poly(211-co-111-g-NAM28) (P4) at 1 mg/mL in nanopure water,heating/cooling rate = 1 °C/min.
Figure 5.9. Plot of percentage transmittance (%) against temperature (°C) for cyclic-poly(211-
co-111-g-NAM50) (P5) and linear-poly(211-co-111-g-NAM47) (P6) at 1 mg/mL in nanopure water,heating/cooling rate = 1 °C/min.
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cyclic graft copolymers provides further evidence of their different solutionconformations. Furthermore, the observed difference in cloud pointtemperature is significantly larger than the difference between cloud pointtemperatures reported for non-grafted cyclic and linear polymers.32-34 Asexpected, the cloud point temperature of both the cyclic and linear graftcopolymers increased as arm length and consequently hydrophilic contentincreased. To the best of our knowledge this is the first time the lower criticalsolution temperatures of polymers comprised of poly(NAM) have beenreported.
5.2.3 Self-Assembly of Cyclic and Linear Graft CopolymersIn an attempt to induce self-assembly of the cyclic and linear graft copolymersto yield multi-molecular micelles, the length of the poly(NAM) side arms wasreduced. A reduction of poly(NAM) arm length will reduce the ability of thehydrophilic polymer side arms to shield the hydrophobic polycarbonatebackbone from unfavourable solvent interactions and also increase the relativehydrophobic content of the graft copolymer, therefore encouraging self-assembly. Furthermore, the conformational differences observed betweencyclic and linear graft copolymers in solution are expected to affect theirrespective self-assembly behaviour. To this end, analogous cyclic and lineargraft copolymers (P1 and P2 respectively) were prepared with poly(NAM) armlengths of DP 19 and a hydrophobic weight fraction of 19%.
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5.2.3.1 Self-Assembly of Cyclic and Linear Graft Copolymers: Self-
Assembly TechniqueInitially three methods were investigated for the self-assembly of cyclic andlinear graft copolymers P1 and P2; direct dissolution of the polymers in
18.2 mΩ·cm water (0.5 mg/mL), solvent switch from THF to water and the thin film hydration technique. For the solvent switch procedure, the cyclic andlinear graft copolymers were dissolved in THF (1 mg/mL), a good solvent forboth the poly(NAM) side arms and polycarbonate backbone, before the
dropwise addition of 18.2 mΩ·cm water at a rate of 0.6 mL/h.  THF was subsequently removed by exhaustive dialysis against nanopure water for 3days, resulting in a final polymer concentration of ca. 0.5 mg/mL. For the thinfilm hydration technique, the relevant graft copolymer was dissolved inchloroform in a round bottom flask before solvent evaporation to leave a thin
film of polymer coating the flask.  After the subsequent addition of 18.2 mΩ·cm water the polymer films were allowed to hydrate overnight.In the case of the cyclic graft copolymer assemblies of P1, analysis of theresulting aqueous solutions by DLS revealed the consistent formation of largenanostructures of ca. 150 – 170 nm for each of the self-assembly techniquesemployed (Table 5.4). Conversely, for the analogous assemblies of the lineargraft copolymer P2, a large disparity in particle size for the different assemblytechniques was observed by DLS analysis. Large structures were observed forsolutions prepared via direct dissolution and the solvent switch method,whereas only small particles were observed for the solution prepared via thethin film hydration technique. Comparison between DLS analysis of the lineargraft copolymer in THF and solutions prepared via thin film hydration revealed
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Table 5.4. DLS analysis of P1 and P2 aggregates prepared via different techniques.
Assembly technique Cyclic graft
copolymer P1
Linear graft
copolymer P2
Direct dissolution Dh (nm)a 170 200PDa 0.147 0.362
Solvent switch Dh (nm)a 170 115PDa 0.564 0.659
Thin film hydration Dh (nm)a 150 7.1PDa 0.283 0.609
aDetermined by DLS analysis, number average solution diameters.
structures with the same value of Dh, suggesting that either no aggregation hadoccurred via thin film hydration and only unimers were present in solution orthat the aggregates formed were unstable and redissolved. Additionally, thedispersities of the linear graft copolymer assemblies were consistently largerthan those of the equivalent cyclic graft copolymer assemblies.
5.2.3.2 Self-Assembly of Cyclic and Linear Graft Copolymers:
ReproducibilityFollowing these initial observations, a more detailed study of the self-assemblybehaviour of cyclic and linear graft copolymers P1 and P2 was undertaken. Inall further self-assembly studies, direct dissolution was the chosen method ofassembly allowing fast and facile particle preparation. Firstly, thereproducibility of particle size (Dh) for the cyclic and linear graft copolymers ata concentration of 0.5 mg/mL was studied by DLS analysis (Figure 5.10). In thecase of the cyclic graft copolymer assemblies, well-defined aggregates of
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Figure 5.10. DLS analysis of (left) cyclic-poly(211-co-111-g-NAM19) (P1) and (right) linear-poly(211-co-111-g-NAM19) (P2) in 18.2 mΩ·cm water at 0.5 mg/mL. 
extremely consistent values of Dh (170 - 210 nm) and low dispersities (< 0.17)were produced each time. In contrast, the aggregates prepared from lineargraft copolymer, P2, exhibited significantly different particle sizes for eachrepeat (Dh = 200 – 600 nm), as well as broader dispersity values (ca. 0.4).Furthermore, examination of the correlation functions for these linear graftcopolymer assemblies revealed that for many runs the data could not be fit bythe Cumulant analysis method.
5.2.3.3 Self-Assembly of Cyclic and Linear Graft Copolymers: Effect of
ConcentrationThe effect of concentration on aggregates of cyclic and linear graft copolymers
P1 and P2 was also investigated. DLS analysis of aqueous solutions of the lineargraft copolymer revealed a significant increase in Dh as the concentration of P2increased from 0.1 to 2 mg/mL (Figure 5.11). In contrast, analysis of aqueoussolutions of cyclic graft copolymer P1 over the same concentration range
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Figure 5.11. DLS analysis of (left) cyclic-poly(211-co-111-g-NAM19) (P1) and (right) linear-poly(211-co-111-g-NAM19) (P2) at varying concentrations.
revealed little difference in particle size as concentration increased. Someaggregation of these nanostructures was however observed at higher
concentrations (≥ 2 mg/mL).  Again, the assemblies prepared from cyclic graft copolymer P1 possessed lower dispersity values than the equivalent linearassemblies. These findings further support the formation of well-definednanostructures prepared from cyclic graft copolymer P1, in contrast to theformation of ill-defined aggregates prepared from linear graft copolymer P2.The size and morphology of the aggregates of cyclic graft copolymer P1 werefurther investigated by cryogenic transmission electron microscopy (cryo-TEM). At a concentration of 2 mg/mL, large spherical structures were observedwith an average particle diameter of 207 ± 61 nm; therefore in good agreementwith the particle size determined by DLS analysis (Figures 5.12 and 5.13).However, as a consequence of the high hydrophilic content of the assembliesand solvation of the poly(NAM) corona, poor image contrast was observed and
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(Figures 5.14 and 5.15the nanostructures observed by DLS analysis at this concentration and thisdiscrepancy in particparticles by light scattering analyses, giving undue prominence to the smallpopulation of large particles.
Figure 5.14. Cryo-TEM images ofindicate presence of larger spherical assemblies, ice contamination highlighted.
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5.2.3.4 Self-Assembly of Cyclic and Linear Graft Copolymers: Critical
Micelle Concentration and Kinetic StabilityTo probe the thermodynamic stability of the linear and cyclic graft copolymerassemblies, the critical micelle concentrations of the particles were determinedby fluorescence spectroscopy, using pyrene as the fluorescent probe. Pyreneexhibits a change in excitation and emission spectra when its environment ischanged from polar to non-polar. A clear shift in the excitation spectra ofpyrene of the excitation maxima from ca. 339 to 335 nm is observed whenpyrene enters the hydrophobic core of a particle. Comparison of the intensity ofthese two peaks (I339/I334.5) over a range of polymer concentrations allowsdetermination of the cmc; where the cmc is taken as the inflection point in thegraph of I339/I334.5 versus polymer concentration. Linear and cyclic graftcopolymer solutions ranging in concentration from 0.0003 to 2 mg/mL, wereleft to stir overnight in the presence of 6 × 10-7 mol/L of pyrene, before analysisby fluorescence spectroscopy, where excitation spectra were recorded in therange λ = 300 – 375 nm and λem = 390 nm. The cmc for the cyclic graftcopolymer was determined as 0.09 g/L (Figure 5.16), whereas the cmc of thelinear graft copolymer was found to be higher, at 0.23 g/L (Figure 5.17).Consequently, the assemblies of cyclic graft copolymer P1 are morethermodynamically stable than the assemblies of linear copolymer graft P2.This difference between values of cmc also suggests that the cyclic graftcopolymer topology enables a greater number of favourable hydrophobicinteractions in the core of the assembly, compared to a linear graft copolymertopology.
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Figure 5.16. Concentration dependence of pyrene I339/I334.5 intensity ratio for cyclic-poly(211-
co-111-g-NAM19) (P1).
Figure 5.17. Concentration dependence of pyrene I339/I334.5 intensity ratio for linear-poly(211-
co-111-g-NAM19) (P2).
The assemblies of cyclic and linear graft copolymers, P1 and P2, were alsomonitored over time to gauge their kinetic stability. Following the assembliesover time by DLS analysis it was observed that nanostructures prepared fromthe linear graft copolymer P2 had disassembled after 48 h, to afford unimerswith an average solution diameter (Dh) of ca. 7.5 nm. Furthermore, particle
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disassembly was found to occur over the entire range of polymerconcentrations investigated ([P2] = 0.25 – 2.0 mg/mL) (Figure 5.18). Incontrast, DLS analysis revealed that assemblies prepared from the equivalentcyclic graft copolymer, P1, remained stable for several weeks; most notably nosignificant change in particle size or dispersity was observed (Figures 5.19).
Figure 5.18. DLS analysis of linear-poly(211-co-111-g-NAM19) (P2) after 0 h and 2 days.
Figure 5.19. DLS analysis of cyclic-poly(211-co-111-g-NAM19) (P1) after 0 h and 14 days.
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These findings strongly suggest that assemblies comprised of cyclic graftcopolymers possess both greater thermodynamic and kinetic stability thanassemblies comprised of analogous linear graft copolymers.
5.2.3.5 Self-Assembly of Cyclic and Linear Graft Copolymers:
Disulfide CleavageThe cyclic graft copolymer P1 contains a disulfide moiety, which uponreduction will cleave the cyclic polycarbonate backbone of P1 and yield a lineargraft copolymer. As a consequence of the different stabilities exhibited byassemblies of cyclic and linear graft copolymers P1 and P2, it was hypothesisedthat reduction of the disulfide bond of P1 may trigger particle disassembly. Totest this hypothesis, a reducing agent, either dithiothreitol (DTT) or L-glutathione, was added to a solution of cyclic graft copolymer P1, assembled ata concentration of 0.5 mg/mL and with Dh = 170 nm. Initially, a large excess ofDTT (10 mM) was added to a solution of aggregates of P1 and left overnight.DLS analysis after 16 h revealed the complete loss of large self-assemblednanostructures and the presence of only very small species with solutiondiameters that correspond to unimolecular micelles (Dh = 7.4 nm, PD = 0.464)(Figure 5.20) This dramatic change in particle size is consistent with cleavageof the disulfide bond of the cyclic graft copolymer to yield linear graftcopolymers, followed by spontaneous disassembly of the relatively unstableaggregates to yield unimolecular micelles.The use of L-glutathione as a reducing agent was also investigated. L-glutathione is an in vivo reducing agent that is present at micromolarconcentrations in extracellular environments and at millimolar concentrations
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in intracellular environments. This large difference in intra- and extracellularconcentrations has been exploited for drug delivery applications, whereparticles remain stable during circulation, but rapidly disassemble upon cellentry. Assemblies of cyclic graft copolymer P1 were left for 16 h in thepresence of varying concentrations of L-glutathione (10 mM, 1 mM and 10µM)before analysis by DLS (Figure 5.21). DLS analysis of solutions with 10 and 1mM L-glutathione revealed the complete loss of large particles and theappearance of very small particles, again consistent with the successful cleavageof the disulfide bond of P1 followed by particle disassembly. The newly formedlinear graft copolymers remained as unimolecular micelles and did notreassemble over time. In contrast, aggregates in the presence of 10 µM of L-glutathione solution remained intact, although a small amount of aggregationbetween particles was observed.
Figure 5.20. DLS analysis of cyclic-poly(211-co-111-g-NAM19) (P1) before and after treatmentwith 10 mM dithiothreitol.
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Figure 5.21. DLS analysis of cyclic-poly(211-co-111-g-NAM19) (P1) before and after treatmentwith varying concentrations of L-glutathione.
5.2.3.6 Self-Assembly of Cyclic and Linear Graft Copolymers:
Thermoresponsive BehaviourIt was demonstrated above that linear and cyclic graft copolymers comprised ofa hydrophobic polycarbonate backbone and poly(NAM) side arms exhibitthermoresponsive behaviour. As such, the thermoresponsive behaviour ofnanostructures prepared from cyclic and linear graft copolymers P1 and P2was also investigated. Whilst monitoring the particle size of the assemblies ofcyclic graft copolymer P1 by DLS analysis, as temperature was varied between5 and 65 °C, several notable trends were observed. Particle size increased from
Dh = 175 to 410 nm, as temperature was increased from 25 to 40 °C (Figure
5.22).  At temperatures ≥ 40 °C the polymer solution became extremely turbid, indicative of macroscopic aggregation between particles. Furthermore,inspection of the scattering intensity data for assemblies of cyclic graftcopolymer P1 as temperature was increased from 5 and 65 °C, revealed an
0
5
10
15
20
25
30
35
40
45
1 10 100 1000 10000
In
te
ns
ity
(%
)
Dh (nm)
0 mM L-Glutathione
10 uM L-Glutathione
1 mM L-Glutathione
10 mM L-Glutathione
236
abrupt increase in scattering intensity at 30 °C, suggestive of a phase transition(Figure 5.23).It was also observed through DLS analysis that particle size decreased with
decreasing temperature at temperatures ≤ 15 °C, as evidenced by a reduction of both Dh and scattering intensity (count rate). At ca. 10 °C a transition from
Figure 5.22. DLS analysis of cyclic-poly(211-co-111-g-NAM19) (P1) at varying temperatures (25 –40 °C, 0.5 mg/mL).
Figure 5.23. Temperature dependence of count rate for cyclic-poly(211-co-111-g-NAM19).
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assembled structures to significantly smaller species was observed, where theresulting species possessed solution diameters consistent with those ofunimolecular micelles (Dh = 7.6 nm, PD = 0.669) (Figure 5.24). Upon heatingthe polymer solution back to 25 °C, particles of the original size with narrowdispersities (Dh = 210 nm, PD = 0.125) were reformed, showing that thisparticle to unimer transition was reversible. The cooling-heating cycle between25 and 5 °C was repeated twice more, again showing fully reversible transitions(Figure 5.25) and the time scale for both disassembly and reassembly wasnoted to be fast, requiring as little as 10 minutes. Furthermore, with eachtemperature cycle the dispersity of the assemblies decreased. Thus, thethermoresponsive behaviour of cyclic graft copolymer P1 is twofold; at low
temperatures (≤ 10 °C), when interactions between water and the poly(NAM) arms are strongest, the poly(NAM) arms are sufficiently hydrophilic to protectthe hydrophobic polycarbonate backbone from unfavourable solventinteractions and a unimolecular micelle configuration is adopted. As
Figure 5.24. DLS analysis of cyclic-poly(211-co-111-g-NAM19) (P1) at varying temperatures (25 –5 °C, 0.5 mg/mL).
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temperature is increased, interactions between poly(NAM) arms and water stillpredominate, however, interactions between poly(NAM) arms of the coronaincrease and the polymer self-assembles in order to protect the hydrophobicpolycarbonate core. As temperature is increased further, interactions betweenthe poly(NAM) arms increase further and the polymer undergoes macroscopicaggregation as water is expelled from the poly(NAM) corona.
Figure 5.25. DLS analysis of cyclic-poly(211-co-111-g-NAM19) (P1) showing changes in particlesize with temperature cycles between 25 and 5 °C.
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The thermoresponsive behaviour of nanostructures prepared from linear graftcopolymer P2 was also investigated. As the temperature of a 0.5 mg/mLsolution of P2 was increased, the solution became increasingly turbid. DLSanalysis revealed an increase in both Dh and count rate as temperature wasincreased from 15 to 55 °C, indicative of aggregation between particles (Figure5.26). However, in contrast to the thermoresponsive behaviour of cyclic graftcopolymer P1, no well-defined phase transition was observed. When thesolution temperature of the linear graft copolymer P2 was decreased, DLSanalysis revealed little change in values of Dh and a transition from particle tounimer was not observed (Figure 5.27). Furthermore, the dispersity of theassemblies increased as the temperature decreased and DLS data qualityreduced until at 5 °C all runs were too poor for Cumulant analysis. The ill-defined thermoresponsive behaviour of aggregates of linear graft copolymer P2in comparison to aggregates of the cyclic graft copolymer P1, may result from
Figure 5.26. Temperature dependence of count rate (blue circle) and Z-average particle size(red square) for linear-poly(211-co-111-g-NAM19) (P2).
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Figure 5.27. DLS analysis of linear-poly(211-co-111-g-NAM19) (P2) at varying temperatures (10– 30 °C).
the poorly defined nature of the aggregates of P2. Therefore, although thelinear graft copolymer P2 forms macroscopic aggregates as temperature isincreased, no defined cloud point is exhibited. In contrast, the well-definednanostructures prepared from P1 lead to the observation of well-defined phasetransitions.
0
5
10
15
20
25
30
35
40
10 100 1000 10000
In
te
ns
ity
(%
)
Dh (nm)
10 degrees
15 degrees
20 degrees
25 degrees
30 degrees
241
5.3 ConclusionsIn conclusion, cyclic polycarbonate-g-poly(NAM) copolymers have been shownto display unique solution properties and self-assembly behaviour incomparison to their linear polycarbonate-g-poly(NAM) counterparts. Whereaslinear graft copolymers adopt a spherical unimolecular micelle conformation,cyclic graft copolymers adopt a rod-like unimolecular micelle conformation.Furthermore, cyclic polycarbonate-g-poly(NAM) was found to exhibit cloudpoint temperatures at least 20 °C higher than the equivalent linear graftcopolymers. Cyclic graft copolymers also displayed unique behaviour incomparison to linear graft copolymers during self-assembly. Whereas cyclicpolycarbonate-g-poly(NAM) formed well-defined and relatively stablenanostructures, linear polycarbonate-g-poly(NAM) formed ill-definedaggregates with extremely poor stability. Cyclic and linear graft copolymerswere also shown to exhibit distinct thermoresponsive behaviour in their self-assembled states.
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6.1 ConclusionsIn conclusion, the synthesis and ring-opening polymerisation of novel,functional cyclic carbonate monomers has been reported and applied to thepreparation of linear and cyclic graft copolymers containing a degradablepolycarbonate backbone. In the first approach, a norbornene-functional cycliccarbonate monomer was prepared and subsequently ring-opened to yield well-defined polycarbonates with norbornene functionality. The pendentnorbornene groups were exploited as extremely versatile reactive handles forfurther post-polymerisation modification of the polycarbonates. Quantitativefunctionalisation was demonstrated through reaction with azides in thermallypromoted 1,3-dipolar cycloaddition reactions, tetrazines in inverse electrondemand Diels-Alder reactions and thiols in radical addition reactions.Additionally, multi-functional polycarbonates were prepared by performing allthree modification reactions in a one-pot multi-step procedure. Despite thegreat potential of this approach to prepare libraries of functionalpolycarbonates, some limitations were encountered when applied to thepreparation of graft copolymers. When thiol-functional polymers were grafted-to the norbornene-functional polycarbonates only low grafting yields wereachieved and as such this approach was deemed unsuitable for the preparationof graft copolymers.The successful preparation of graft copolymers with a degradablepolycarbonate backbone was however achieved through the synthesis, ring-opening and subsequent reversible addition-fragmentation chain transfer(RAFT) polymerisation of a RAFT CTA-functional cyclic carbonate monomer.The novel cyclic carbonate was designed to allow the preparation of graft
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copolymers via a R-group RAFT approach and consequently enabled thepreparation of polycarbonate based graft copolymers with significantly highergrafting densities than previously reported. Optimisation of the conditions forboth ROP and RAFT polymerisation allowed the preparation of well-defineddegradable graft copolymers with controlled and predictable grafting densitiesand arms lengths, and a range of side arm compositions. Furthermore, thepreparation and self-assembly of polycarbonate-g-poly(NiPAm) copolymersenabled access to thermoresponsive, degradable particles.The optimised methodology for the preparation of well-defined degradablegraft copolymers via consecutive ROP and RAFT was further expanded to allowthe synthesis of cyclic graft copolymers. RAFT CTA-functional cyclicpolycarbonates were prepared via ROP of the RAFT-CTA cyclic carbonatemonomer and subsequent end-group functionalisation to install alkynefunctionality at both polymer chain-ends. Cyclisation was achieved throughcopper catalysed azide-alkyne cycloaddition with a diazide functional linker.Finally, RAFT polymerisation from the CTA sites located along thepolycarbonate backbone yielded well-defined cyclic graft copolymers. Thisrepresents the first time RAFT has been used to prepare cyclic graft copolymersin a grafting-from approach and greatly expands the range of possible side armcompositions.Investigation of the solution properties and self-assembly behaviour of a rangeof graft copolymers with hydrophilic poly(N-acryloylmorpholine) (poly(NAM))side arms revealed that linear and cyclic graft copolymers display very distinctproperties. Whereas, linear graft copolymers were found to adopt aunimolecular spherical core-shell conformation in water, cyclic graft
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copolymers assumed a unimolecular rod-like structure. Furthermore, cyclicgraft copolymers with poly(NAM) side arms displayed significantly greatercloud point temperatures than the equivalent linear graft copolymer. Reductionof the length of the hydrophilic poly(NAM) side arms was found to induce self-assembly, where cyclic graft copolymers formed well-defined aggregates butlinear graft copolymers formed relatively ill-defined and unstable aggregates.In summary, this thesis has developed methods for the preparation of well-defined linear and cyclic graft copolymers with a degradable polycarbonatebackbone and furthermore, has greatly expanded the range of accessible graftcompositions and grafting densities of degradable graft copolymers. Initialinvestigations into the differing solution and self-assembly properties of linearand cyclic graft copolymers have revealed distinct differences in theirbehaviour, which provides a plethora of opportunities for further research.
6.2 Future WorkHaving established procedures for the preparation of cyclic and linear graftcopolymers and identified their unique solution and self-assembly behaviour,there are many opportunities for future work. For example, furtherinvestigation into the effects of arm length on the self-assembly and solutionproperties of the linear and cyclic graft copolymers, as well exploring the effectof grafting density, side arm composition and polycarbonate ring size. It wouldalso be desirable to gain a greater understanding of the origins of the differentsolution properties displayed by the cyclic and linear graft copolymers and tothis end, computational modeling and simulations may provide some insight.
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The unimolecular micelles prepared from cyclic and linear graft copolymers inChapter 5 show promise as drug delivery vehicles as a consequence of their lackof critical micelle concentrations. Further exploration could probe their abilityto encapsulate small molecule hydrophobic guests and determine whether adifference is displayed between the spherical unimolecular micelles preparedfrom linear graft copolymers and the rod-like unimolecular micelles preparedfrom cyclic graft copolymers. Furthermore, non-spherical particles have beenreported to exhibit longer in vivo circulation times in comparison to sphericalparticles. The greater thermal stability of cyclic graft copolymers withpoly(NAM) arms in comparison to the equivalent linear graft copolymers mayalso be beneficial in some applications where elevated temperatures arerequired.Although the norbornene-functional polycarbonates prepared in Chapter 2could not be successfully utilised in the preparation of graft copolymers, theymay find application in vivo through functionalisation with fluorescent orbiologically relevant molecules.
7 Experimental
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7.1 Materials1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) and (-)-sparteine were dried overCaH2, distilled and stored under inert atmosphere. Benzyl alcohol and 1,4-butanediol were dried and stored over 3 Å molecular sieves. 4-Methoxybenzylalcohol was dried over 3 Å molecular sieves in dry CH2Cl2. 1-(3,5-bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea (5, Chapter 2) wassynthesised as reported and dried over CaH2 in dry THF.1 Monomer 4 (Chapter2) and monomers 5 and 7 (Chapter 3) were dried over 3 Å molecular sieves indry CH2Cl2. Methyl acrylate (MA) and styrene were distilled over CaH2 andstored below 4 °C. N-isopropylacrylamide (NiPAm) was recrystallised from a9:1 mixture of hexanes/acetone and stored below 4 °C. Tetrahydropyranacrylate (THPA),2 triethylene glycol methyl ether acrylate3 and S-dodecyl-S’-(,’-dimethyl-‘’-acetic acid) trithiocarbonate (DDMAT)4 were prepared aspreviously reported and stored below 4 °C. AIBN (2,2'-azo-bis(isobutyronitrile)) was recrystallised twice from methanol and stored in thedark below 4 °C. Benzyl azide,5 triethylene glycol monomethyl ether azide,6 4-pentynoic anhydride7 and ethyl pent-4-ynoate8 were synthesised according tomethods reported in the literature. CDCl3 was dried over 3 Å molecular sieves,distilled and degassed before use. CH2Cl2 and THF were purified overInnovative Technology SPS alumina solvent columns and degassed before use.
Nanopure water with a resistivity of 18 mΩ·cm was prepared using a Millipore Simplicity UV ultrapure water purification system. All other solvents andchemicals were obtained from Sigma-Aldrich or Fisher Scientific and used asreceived.
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7.2 General Considerations
7.2.1 TechniquesRing-opening polymerisations were performed under inert atmosphere in aglovebox. RAFT polymerisations were carried out under oxygen-free conditionsusing standard Schlenk-line techniques. Thiol-ene reactions were performed ina Metalight QX1 lightbox.
7.2.2 Small Molecule Characterisation
1H and 13C NMR spectra were recorded on a Bruker DPX-400, AC-400, or DRX-500 spectrometer at 298 K. Chemical shifts are reported as δ in parts permillion (ppm) and referenced to the chemical shift of the residual solventresonances (CHCl3: 1H δ = 7.26 ppm; 13C δ = 77.16 ppm). Mass spectra wererecorded on a Bruker Esquire 2000 ESI spectrometer. Elemental analysis (CHNanalysis) was performed in duplicate by Warwick Analytical Services. UV-Visspectra were recorded using a Perkin-Elmer UV-Vis Spectrometer (Lambda 35).IR spectra were recorded using a Perkin-Elmer Spectrum 100 FT-IRspectrometer. Spectra were an accumulation of 16 scans with the backgroundsubtracted.
7.2.3 Polymer CharacterisationSize exclusion chromatography (SEC) analysis in CHCl3 was conducted on aVarian Polymer Laboratories PL-GPC 50 plus integrated SEC system withdifferential refractive index and ultraviolet detectors equipped with a guard
column (Varian Polymer Laboratories PLGel 5 μM, 50 × 7.5 mm) and two mixed 
D columns (Varian Polymer Laboratories PLGel 5 μM, 300 × 7.5 mm).  The 
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mobile phase was CHCl3 at a flow rate of 1.0 mL min−1. SEC analysis in DMF wasconducted on a Varian Polymer Laboratories PL-GPC 50 plus integrated SECsystem with differential refractive index and ultraviolet detectors equipped
with a guard column (Varian Polymer Laboratories PLGel 5 μM, 50 × 7.5 mm) 
and two mixed D columns (Varian Polymer Laboratories PLGel 5 μM, 300 × 7.5 mm). The mobile phase was DMF with 5 mM NH4BF4 at a flow rate of 1.0 mLmin−1. SEC analysis in THF was conducted on a system composed of a Varian390-LC-Multi detector suite fitted with differential refractive index, lightscattering, and ultraviolet detectors equipped with a guard column (Varian
Polymer Laboratories PLGel 5 μM, 50 × 7.5 mm) and two mixed D columns 
(Varian Polymer Laboratories PLGel 5 μM, 300 × 7.5 mm).  The mobile phase was THF with 2% triethylamine at a flow rate of 1.0 mL min−1. SEC sampleswere calibrated against Varian Polymer Laboratories Easi-Vials linearpoly(styrene) standards (162 - 2.4 × 105 g mol−1) or Varian PolymerLaboratories Easi-Vials linear poly(methyl methacrylate) standards (690 - 1.9 ×106 g mol−1) using Cirrus v3.3 software. MALDI-ToF (matrix-assisted laserdesorption ionisation time of flight) spectra were recorded using a BrukerDaltronics Ultraflex II MALDI-ToF mass spectrometer, equipped with a nitrogenlaser delivering 2 ns laser pulses at 337 nm with a positive ion ToF detectionperformed using an accelerating voltage of 25 kV. Samples were spotted onto aBruker ground steel MALDI-ToF analytical plate through application of a smallportion of a solution containing trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propylidene]malonitrile (DCTB) as a matrix (20 µL of a 10 mg mL-1 solution inTHF), sodium trifluoroacetate as a cationisation agent (5 µL of a 10 mg mL-1solution in THF), and analyte (5 µL of a 10 mg mL-1 solution in THF) followed by
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solvent evaporation. The samples were measured in reflectron ion mode andcalibrated by comparison to 2 × 103 poly(ethylene oxide) standards. Lowercritical solution temperature (LCST) measurements were recorded using aPerkin-Elmer UV/vis Spectrometer (Lambda 35) equipped with a Peltiertemperature controller at 500 nm with a heating/cooling rate of 1 °C min-1. Anaverage of three heating/cooling cycles were reported for each sample. Glasstransition temperatures (Tg) were determined using a Mettler Toledo DSC1-STAR Differential Scanning Calorimeter (DSC) under a nitrogen stream (50 mLmin-1). Changes in heat flow were recorded between -40 and 240 °C over twocycles with a scan rate of 10 °C min-1 and a 5 minute isotherm at either end ofthe temperature range. The instrument was calibrated using indium metalstandards supplied by Mettler Toledo and analysis of the data was performedusing the STARe software package (version 9.30).
7.2.4 Particle CharacterisationDynamic light scattering (DLS) measurements were taken on a MalvernZetasizer NanoS instrument with a 4 mW He- Ne 633 nm laser module and thedata analysed using Malvern DTS 5.02 software and both Cumulants andDistribution analysis methods. Measurements were taken at a detection angle of173°. The hydrodymanic diameter (Dh) was calculated from the Stokes-Einsteinequation Dh = kT/(3πηDapp), where k is the Boltzmann constant, T is thetemperature, η is the viscosity of the solvent and Dapp the apparent diffusioncoefficient, where Dapp = Γ/q2. q is the scattering vector and q =
(4πn/λ)sin(θ/2), where θ is the scattering angle, λ is the laser wavelength and n
is the refractive index of the solvent.  Γ is the relaxation rate of the scatters and 
255
is determined via the Cumulants or Distribution method of analysis. The Z-average diameter refers to an intensity-weighted mean diameter of the particlesderived from the Cumulants analysis method. The intensity-weighted sizedistribution is derived from the Distribution analysis method and the volume-and number- weighted size distributions are derived from the intensity-weighted distribution using Mie theory. Dh only coincides with the realhydrodynamic diameter when the measured sample consists of monodispersespherical particles. Transmission Electron Microscopy (TEM) samples wereprepared by drop deposition and freeze drying of the solution ontocopper/carbon grids that had been deposited with a thin film of graphene oxideprior to use. Micrographs were collected at magnifications ranging from 8 to100 K and calibrated digitally. TEM was performed using a JEOL TEM-2011operating at 200 kV. Cryogenic TEM was performed using a JEOL 2010F TEMoperated at 200 kV and imaged using a Gatan Ultrascan 4000 camera.Histograms of number-average particle diameters were generated from theanalysis of a minimum of 50 particles from at least three different micrographsusing Image J software. SAXS measurements were recorded at the AustralianSynchrotron facility at a photon energy of 11 keV and a sample to detectordistance of 3.252 m to give a q range of 0.004 to 0.2 Å-1. q is the scatteringvector and is related to the scattering angle (2θ) and the photon wavelength (λ)by q = 4πsin(θ)/λ. The scattering from a blank (H2O or 1,4-dioxane) wasmeasured and subtracted for each measurement and data were normalised fortotal transmitted flux using a quantitative beamstop detector and absolutescaled using water as an absolute intensity standard. The two-dimensionalSAXS images were converted into one-dimensional SAXS profiles (I(q) versus q)
256
by circular averaging. NCNR Data Analysis IGOR PRO software was used to plotand analyse SAXS data and the models used for form fitting were taken from theNCNR package. See the appendix for further details of these models and thefitting parameters. Scattering length densities (SLD) were calculated using the“Scattering Length Density Calculator” provided by the NIST Center for Neutron
Research, using the equation SLD = ΣZre/Vm, where Vm is molecular volume, Z isatomic number and re is electron radius. Critical micelle concentrations weredetermined using fluorescence spectroscopy on a Cary Eclipse single-beamPerkin-Elmer LS55 fluorometer, using a slit width of 5.0 nm and excitationwavelength of 390 nm.
7.3 Experimental Procedures for Chapter 2
7.3.1 Synthesis of acetonide-protected 2,2-bis(hydroxymethyl)propionic
acid (1)
Acetonide-protected 2,2-bis(hydroxymethyl)propionic acid (1) was preparedaccording to a literature procedure.9 2,2-Bis(hydroxymethyl)propionic acid(bis-MPA) (10.0 g, 76.1 mmol), 2,2-dimethoxypropane (14.0 mL, 114 mmol) and
p-toluenesulfonic acid (0.724 g, 3.80 mmol) were dissolved in acetone (70 mL)and the solution was stirred at room temperature. After 2 h ammoniumhydroxide was added until the reaction mixture was neutralised and the solventwas removed in vacuo. The residue was dissolved in CH2Cl2 and washed withwater (2 × 50 mL) and the organic layer dried over MgSO4. CH2Cl2 was removed
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under reduced pressure to yield a white solid (8.24 g, 47.3 mmol, 62%).Characterisation data were in accordance with that previously reported.9
1H NMR (400 MHz, CDCl3, ppm): δ = 8.54 (br s, 1H, COOH), 4.17 (d, 2H, CH2O,
3JH-H = 11.8 Hz), 3.64 (d, 2H, CH2O, 3JH-H = 11.8 Hz), 1.43 (s, 3H, C(CH3)2), 1.39 (s,3H, C(CH3)2), 1.16 (s, 3H, CH3). 13C NMR (100 MHz, CDCl3, ppm): δ = 179.9(C=O), 98.4 (C(CH3)2), 66.3 (CH2O), 42.0 (C(CH3)), 25.4 (C(CH3)2), 22.1 (C(CH3)2),18.6 (CH3).
7.3.2 Synthesis of norbornene functionalised acetonide protected bis-
MPA (2)
N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide hydrochloride (15.4 g, 80.5mmol) was added to a solution of 1 (13.4 g, 76.7 mmol) and 4-(dimethylamino)pyridine (0.468 g, 3.83 mmol) in dry CH2Cl2 (300 mL) at 0 °C.The solution was allowed to warm to room temperature and stirred for 30 minbefore the addition of 5-norbornene-2-methanol (a mixture of endo and exoisomers) (10.0 g, 80.5 mmol). Following stirring of the solution for a further 48h under nitrogen, the reaction mixture was washed with water (3 × 250 mL)and brine (1 × 250 mL) and the organic layer was dried over MgSO4. CH2Cl2 wasremoved under reduced pressure and the crude product was purified bycolumn chromatography (silica, ethyl acetate: petroleum ether (1:4)) to yield acolourless oil (14.5 g, 51.6 mmol, 67%).
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1H NMR (400 MHz, CDCl3, ppm): endo isomer δ = 6.15 (m, 1H,CH=CHCHbridgehead(CH2-bridge)CH(CH2)CH2O), 5.94 (m, 1H, CH=CHCHbridgehead(CH2-
bridge)CH(CH2)CH2O), 4.19 (d, 2H, C(CH3)CH2O, 3JH-H = 11.8 Hz), 3.91 (m, 1H,CH2OC(O)C(CH3)), 3.73 (m, 1H, CH2OC(O)C(CH3)), 3.64 (d, 2H, C(CH3)CH2O, 3JH-H= 11.8 Hz), 2.88 (m, 2H, CHbridgeheadCH2-bridgeCHbridgeheadCH(CH2)CH2O), 2.81, (m,1H, CHbridgeheadCH2-bridgeCHbridgeheadCH(CH2)CH2O), 2.42 (m, 1H, CHbridgehead(CH2-
bridge)CH(CH2)CH2O), 1.83 (m, 1H, CHbridgehead(CH2-bridge)CH(CH2)CH2O), 1.44 (m,1H, CH2-bridge), 1.42 (s, 3H, C(CH3)2), 1.39 (s, 3H, C(CH3)2), 1.25 (m, 1H, CH2-bridge),1.19 (s, 3H, C(CH3)), 0.56 (m, 1H, CHbridgehead(CH2-bridge)CH(CH2)CH2O); exoisomer δ = 6.08 (m, 2H, CH=CH), 4.21 (m, 1H, CH2OC(O)C(CH3)), 4.19 (d, 2H,C(CH3)CH2O, 3JH-H = 11.8 Hz), 4.05 (m, 1H, CH2OC(O)C(CH3)), 3.64 (d, 2H,C(CH3)CH2O, 3JH-H = 11.8 Hz), 2.83 (m, 1H, CHbridgeheadCH2-
bridgeCHbridgeheadCH(CH2)CH2O), 2.69 (m, 1H, CHbridgeheadCH2-
bridgeCHbridgeheadCH(CH2)CH2O), 1.75 (m, 1H, CHbridgehead(CH2-bridge)CH(CH2)CH2O),1.42 (s, 3H, C(CH3)2), 1.39 (s, 3H, C(CH3)2), 1.35 (m, 2H, CH2-bridge), 1.35 (s, 3H,C(CH3)), 1.27 (m, 1H, CHbridgehead(CH2-bridge)CH(CH2)CH2O), 1.18 (m, 1H,CHbridgehead(CH2-bridge)CH(CH2)CH2O). 13C NMR (100 MHz, CDCl3, ppm): bothisomers δ = 174.3 (C=O), 174.1 (C=O), 137.6 (CH=CHCHbridgehead(CH2-
bridge)CH(CH2)CH2O), 137.0 (CH=CHCHbridgehead(CH2-bridge)CH(CH2)CH2O), 136.2(CH=CHCHbridgehead(CH2-bridge)CH(CH2)CH2O), 132.2 (CH=CHCHbridgehead(CH2-
bridge)CH(CH2)CH2O), 98.1 (C(CH3)2), 68.9 (CH2OC(O)C(CH3)), 68.2(CH2OC(O)C(CH3)), 66.1 (CH2O), 49.4 (CH2-bridge), 45.0 (CH2-bridge), 43.9(CHbridgeheadCH2-bridgeCHbridgeheadCH(CH2)CH2O), 43.6 (CHbridgeheadCH2-
bridgeCHbridgeheadCH(CH2)CH2O), 42.2 (CHbridgeheadCH2-
bridgeCHbridgeheadCH(CH2)CH2O), 41.9 (C(CH3)), 41.6 (CHbridgeheadCH2-
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bridgeCHbridgeheadCH(CH2)CH2O), 38.1 (CHbridgeheadCH(CH2)CH2O), 37.8(CHbridgeheadCH(CH2)CH2O), 29.5 (CHbridgehead(CH2-bridge)CH(CH2)CH2O), 28.8(CHbridgehead(CH2-bridge)CH(CH2)CH2O), 24.6 (C(CH3)2), 24.5 (C(CH3)2), 23.0(C(CH3)2), 22.9 (C(CH3)2), 18.8 (CH3). Anal. Calcd for C16H24O4: C, 68.5; H, 8.6%.Found: C, 68.1; H, 8.6%. MS (ESI +ve): m/z 303 [M+Na]+.
7.3.3 Synthesis of norbornene-functional diol (3)
Dowex 50W-X2 acidic resin (5.0 g) was added to a stirred solution of 2 (14.5 g,46.4 mmol) in MeOH (200 mL). After stirring at room temperature for 16 h, theresin was removed by filtration before concentration of the solution in vacuo toyield 3 as a white solid (12.7 g, 52.7 mmol, 98%).
1H NMR (400 MHz, CDCl3, ppm): endo isomer δ = 6.17 (m, 1H,CH=CHCHbridgehead(CH2-bridge)CH(CH2)CH2O), 5.94 (m, 1H, CH=CHCHbridgehead(CH2-
bridge)CH(CH2)CH2O), 3.96 (m, 1H, CH2OC(O)C(CH3)), 3.92 (d, 2H, C(CH3)CH2O,
3JH-H = 11.2 Hz), 3.78 (m, 1H, CH2OC(O)C(CH3)), 3.72 (d, 2H, C(CH3)CH2O, 3JH-H =11.2 Hz), 2.88 (m, 2H, CHbridgeheadCH2-bridgeCHbridgeheadCH(CH2)CH2O), 2.83 (m, 1H,CHbridgeheadCH2-bridgeCHbridgeheadCH(CH2)CH2O) 2.44 (m, 1H, CHbridgehead(CH2-
bridge)CH(CH2)CH2O), 2.40 (br s, 2H, OH), 1.85 (m, 1H, CHbridgehead(CH2-
bridge)CH(CH2)CH2O), 1.46 (m, 1H, CH2-bridge), 1.27 (m, 1H, CH2-bridge), 1.07 (s, 3H,C(CH3)), 0.58 (m, 1H, CHbridgehead(CH2-bridge)CH(CH2)CH2O); exo isomer δ = 6.09(m, 2H, CH=CH), 3.93 (d, 2H, C(CH3)CH2O, 3JH-H = 11.2 Hz), 4.22 (m, 1H,CH2OC(O)C(CH3)), 3.73 (d, 2H, C(CH3)CH2O, 3JH-H = 11.2 Hz), 4.10 (m, 1H,
260
CH2OC(O)C(CH3)), 2.85 (m, 1H, CHbridgeheadCH2-bridgeCHbridgeheadCH(CH2)CH2O),2.70 (m, 1H, CHbridgeheadCH2-bridgeCHbridgeheadCH(CH2)CH2O), 2.40 (br s, 2H, OH),1.77 (m, 1H, CHbridgehead(CH2-bridge)CH(CH2)CH2O), 1.35 (m, 1H, CH2-bridge), 1.30(m, 1H, CH2-bridge), 1.28 (m, 1H, CHbridgehead(CH2-bridge)CH(CH2)CH2O), 1.18 (m, 1H,CHbridgehead(CH2-bridge)CH(CH2)CH2O), 1.08 (s, 3H, C(CH3)). 13C NMR (100 MHz,CDCl3, ppm): both isomers δ = 176.1 (C=O), 176.0 (C=O), 137.8(CH=CHCHbridgehead(CH2-bridge)CH(CH2)CH2O), 137.1 (CH=CHCHbridgehead(CH2-
bridge)CH(CH2)CH2O), 136.2 (CH=CHCHbridgehead(CH2-bridge)CH(CH2)CH2O), 132.2(CH=CHCHbridgehead(CH2-bridge)CH(CH2)CH2O), 69.2 (CH2OC(O)C(CH3)), 68.5(CH2OC(O)C(CH3)), 68.3 (CH2O), 49.5 (CH2-bridge), 49.3 (CH2-bridge), 45.1 (C(CH3)),44.0 (CHbridgeheadCH2-bridgeCHbridgeheadCH(CH2)CH2O), 43.7 (CHbridgeheadCH2-
bridgeCHbridgeheadCH(CH2)CH2O), 42.3 (CHbridgeheadCH2-
bridgeCHbridgeheadCH(CH2)CH2O), 41.7 (CHbridgeheadCH2-
bridgeCHbridgeheadCH(CH2)CH2O), 38.1 (CHbridgeheadCH(CH2)CH2O), 37.8(CHbridgeheadCH(CH2)CH2O), 29.6 (CHbridgehead(CH2-bridge)CH(CH2)CH2O), 28.9(CHbridgehead(CH2-bridge)CH(CH2)CH2O), 17.3 (CH3). Anal. Calcd for C13H20O4: C,65.0; H, 8.4%. Found: C, 64.9; H, 8.4%. MS (ESI +ve): m/z 263 [M+Na]+.
7.3.4 Synthesis of norbornene-functional cyclic carbonate monomer (4)
A solution of triphosgene (9.26 g, 31.2 mmol) in dry CH2Cl2 (100 mL) was addedin stepwise portions over 30 minutes to a solution of 3 (12.5 g, 52.0 mmol) andpyridine (25.0 mL, 0.312 mol) in dry CH2Cl2 (150 mL) at -78 °C under nitrogen.
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The reaction was stirred for 1 h at -78 °C and for a further 2 h at roomtemperature before being washed with saturated aqueous NH4Cl solution (200mL), 1 M HCl (3 × 150 mL) and saturated aqueous NaHCO3 solution (150 mL).The organic layer was dried over MgSO4 and reduced under vacuum to yield awhite solid that was recrystallised from hot cyclohexane to yield 4 as a whitecrystalline solid (10.2 g, 38.5 mmol, 74%.)
1H NMR (400 MHz, CDCl3, ppm): endo isomer δ = 6.18 (m, 1H,CH=CHCHbridgehead(CH2-bridge)CH(CH2)CH2O), 5.93 (m, 1H, CH=CHCHbridgehead(CH2-
bridge)CH(CH2)CH2O), 4.70 (d, 2H, C(CH3)CH2O, 3JH-H = 10.9 Hz), 4.20 (d, 2H,C(CH3)CH2O, 3JH-H = 10.9 Hz), 3.97 (m, 1H, CH2OC(O)C(CH3)), 3.82 (m, 1H,CH2OC(O)C(CH3)), 2.86 (m, 2H, CHbridgehead), 2.42 (m, 1H, CHbridgehead(CH2-
bridge)CH(CH2)CH2O), 1.86 (m, 1H, CHbridgehead(CH2-bridge)CH(CH2)CH2O), 1.48 (m,1H, CH2-bridge), 1.33 (s, 3H, C(CH3)), 1.27 (m, 1H, CH2-bridge), 0.57 (m, 1H,CHbridgehead(CH2-bridge)CH(CH2)CH2O); exo isomer δ = 6.09 (m, 2H, CH=CH), 4.71(d, 2H, C(CH3)CH2O, 3JH-H = 10.9 Hz), 4.26 (m, 1H, CH2OC(O)C(CH3)), 4.21 (d, 2H,C(CH3)CH2O, 3JH-H = 10.9 Hz), 4.12 (m, 1H, CH2OC(O)C(CH3)), 2.84 (m, 1H,CHbridgeheadCH2-bridgeCHbridgeheadCH(CH2)CH2O), 2.66 (m, 1H, CHbridgeheadCH2-
bridgeCHbridgeheadCH(CH2)CH2O), 1.76 (m, 1H, CHbridgehead(CH2-bridge)CH(CH2)CH2O),1.39 (m, 1H, CH2-bridge), 1.35 (s, 3H, C(CH3)), 1.32 (m, 1H, CHbridgehead(CH2-
bridge)CH(CH2)CH2O), 1.30 (m, 1H, CH2-bridge), 1.17 (m, 1H, CHbridgehead(CH2-
bridge)CH(CH2)CH2O). 13C NMR (100 MHz, CDCl3, ppm): both isomers δ = 171.2(C(CH3)C=OOCH2), 171.1 (C(CH3)C=OOCH2), 147.6 (CH2OC=OOCH20), 137.8(CH=CHCHbridgehead(CH2-bridge)CH(CH2)CH2O), 137.0 (CH=CHCHbridgehead(CH2-
bridge)CH(CH2)CH2O), 136.0 (CH=CHCHbridgehead(CH2-bridge)CH(CH2)CH2O), 131.9(CH=CHCHbridgehead(CH2-bridge)CH(CH2)CH2O), 73.0 (CH2OC=OOCH2), 70.2
262
(CH2OC(O)C(CH3)), 69.5 (CH2OC(O)C(CH3)), 49.4 (CH2-bridge), 45.0 (CH2-bridge),43.8 (CHbridgeheadCH2-bridgeCHbridgeheadCH(CH2)CH2O), 43.5 (CHbridgeheadCH2-
bridgeCHbridgeheadCH(CH2)CH2O), 42.1 (CHbridgeheadCH2-
bridgeCHbridgeheadCH(CH2)CH2O), 41.5 (CHbridgeheadCH2-
bridgeCHbridgeheadCH(CH2)CH2O), 40.2 (C(CH3)), 37.9 (CHbridgeheadCH(CH2)CH2O),37.6 (CHbridgeheadCH(CH2)CH2O), 29.4(CHbridgehead(CH2-bridge)CH(CH2)CH2O), 28.7(CHbridgehead(CH2-bridge)CH(CH2)CH2O), 17.4 (CH3). Anal. Calcd for C14H18O5: C,63.2; H, 6.8%. Found: C, 62.9.; H, 6.8%. MS (ESI +ve): m/z 289 [M+Na]+.
7.3.5 General procedure for ring-opening polymerisations
Benzyl alcohol, DBU (1 mol% to monomer), and 1-(3,5-bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea (5 mol% to monomer) weredissolved in dry CDCl3 or dry CH2Cl2. 4 was dissolved separately in the samesolvent and added to the initiator/catalyst solution. After the desired amount oftime the polymerisation was quenched by the addition of Amberlyst 15 H+ resin.The resin was removed by filtration and the solvent removed under reducedpressure. The residual monomer and catalyst were removed by columnchromatography (silica, 100% CH2Cl2, then 100% ethyl acetate).
1H NMR (400 MHz, CDCl3, ppm): δ = 7.36 (m, 5Hend-group, Ar), 6.15 (m, 1Hbackbone-
endo, CH=CHCHbridgehead(CH2-bridge)CH(CH2)CH2O), 6.08 (m, 2Hbackbone-exo, CH=CH),5.91 (m, 1Hbackbone-endo, CH=CHCHbridgehead(CH2-bridge)CH(CH2)CH2O), 5.15 (s,
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2Hend-group, CH2Ar), 4.29 (m, 4Hbackbone, C=OOCH2C(CH3)CH2O), 4.18 (m,1Hbackbone-exo, OCH2Nb), 4.05 (m, 1Hbackbone-exo, OCH2Nb), 3.89 (m, 1Hbackbone-endo,OCH2Nb), 3.73 (m, 1Hbackbone-endo, OCH2Nb), 2.84 (m, 2Hbackbone-endo, CHbridgehead),2.82 (m, 1Hbackbone-exo, CHbridgeheadCH2-bridgeCHbridgeheadCH(CH2)CH2O), 2.65 (m,1Hbackbone-exo, CHbridgeheadCH2-bridgeCHbridgeheadCH(CH2)CH2O), 2.40 (m, 1Hbackbone-
endo, CHbridgehead(CH2-bridge)CH(CH2)CH2O), 1.82 (m, 1Hbackobone-endo,CHbridgehead(CH2-bridge)CH(CH2)CH2O), 1.73 (m, 1Hbackbone-exo, CHbridgehead(CH2-
bridge)CH(CH2)CH2O), 1.44 (m, 1Hbackbone-endo, CH2-bridge), 1.33 (m, 1Hbackbone-exo,CH2-bridge), 1.26 (s, 3Hbackbone, C(CH3)), 1.23 (m, 1Hbackbone-endo, CH2-bridge), 1.20 (m,1Hbackbone-exo, CHbridgehead(CH2-bridge)CH(CH2)CH2O), 0.54 (m, 1Hbackobone-endo,CHbridgehead(CH2-bridge)CH(CH2)CH2O).
7.3.6 General procedure for post-polymerisation modifications via the
1,3-dipolar cycloaddition of norbornenes and azides
Benzyl azide (10 eq. per Nb moiety) was added to a solution of norbornene-functional polycarbonate in 1,4-dioxane ([Nb]0 = 0.04 M) and stirred at 90 °C for14 h. The solvent was removed in vacuo, the residue dissolved in the minimumamount of CHCl3 and precipitated into cold methanol.
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7.3.7 General procedure for post-polymerisation modifications via the
inverse electron demand Diels-Alder reaction between norbornenes and
tetrazines
3,6-Di-2-pyridyl-1,2,4,5-tetrazine (1 eq. per Nb moiety) was added to a solutionof norbornene-functional polycarbonate in 1,4-dioxane ([Nb]0 = 0.04 M) andstirred at room temperature for 10 h. The solvent was removed in vacuo, theresidue dissolved in the minimum amount of CHCl3 and precipitated intohexane.
7.3.8 General procedure for post-polymerisation modifications via the
radical addition of thiols to norbornenes
1-Dodecanethiol (1.3 eq. per Nb moiety) and 2-benzyl-2-(dimethylamino)-4’-morpholinobutyrophenone (0.015 eq. per Nb moiety) were added to a solutionof norbornene-functional polycarbonate in 1,4-dioxane ([Nb] = 0.04 M) and
irradiated with UV light for 1.5 h in a Metalight QX1 lightbox (λ = 320 - 400 nm).  
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The solvent was removed in vacuo, the residue dissolved in the minimumamount of CHCl3 and precipitated into cold methanol.
7.3.9 General procedure for the one-pot three-step modification of
norbornene-functional polycarbonates
Triethyleneglycol monomethyl ether azide (10 eq. per Nb moiety) was added toa solution of norbornene-functional polycarbonate in 1,4-dioxane ([Nb]0 = 0.04M) and stirred at 90 °C for 1 h. The reaction was cooled to room temperaturebefore the addition of 3,6-di-2-pyridyl-1,2,4,5-tetrazine (0.5 eq. per remainingNb moiety) and stirred for 4 h. Finally, 1-dodecanthiol (2 eq. per remaining Nbmoiety) and 2-benzyl-2-(dimethylamino)-4’-morpholinobutyrophenone (0.015eq.) were added and the reaction mixture irradiated for 2 h with UV light. Thesolvent was removed in vacuo, the residue dissolved in the minimum amount ofCHCl3 and precipitated into hexane.
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7.3.10 General procedure for the preparation of poly(N-
isopropylacrylamide) via RAFT polymerisation
The appropriate equivalents of S-dodecyl-S’-(,’-dimethyl-‘’-acetic acid)trithiocarbonate (DDMAT), AIBN (0.1 eq. to DDMAT) and N-isopropylacrylamide were loaded into a dry ampoule and dissolved in CHCl3.The reaction mixture was degassed via 4 freeze-pump-thaw cycles and refilledwith nitrogen. The polymerisation was initiated by immersion of the ampouleinto an oil bath at 65 °C. After the desired length of time the polymerisation wasquenched by immersion of the ampoule in liquid nitrogen. The polymer waspurified by precipitation into diethyl ether.
1H NMR (400 MHz, CDCl3, ppm): δ = 7.11 – 6.01 (br m, 1Hbackbone, NH), 3.98 (m,1Hbackbone, NHCH(CH3)2), 3.32 (m, 2Hend-group, SCH2), 3.15 (m, 1Hbackbone,CHCONH), 2.13 (m, 1Hbackbone, CHCONH), 1.80 -1.36 (m, 2Hbackbone, CH2CHCO),1.24 (m, 20Hend-group, SCH2(CH2)10CH3), 1,24 (m, 6Hend-group, C(CH3)2), 1.12 (m,6Hbackbone, NHCH(CH3)2), 0.86 (t, 3Hend-group, SCH2(CH2)10CH3).
7.3.11 General procedure for the end-group reduction of poly(N-
isopropylacrylamide)
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A solution of poly(N-isopropylacrylamide) in THF was degassed via 3 freeze-pump-thaw cycles in an ampoule. In a separate ampoule, a solution ofhydrazine (20 eq.) was also degassed via 3 freeze-pump-thaw cycles. Thedegassed hydrazine solution was transferred via cannula to the poly(NiPAm)solution (final concentration = 4 mM), which was stirred under N2 for 2 h. Thepolymer was isolated as a white solid via precipitation into diethyl ether.
1H NMR (400 MHz, CDCl3, ppm): δ = 7.09 – 5.90 (br m, 1Hbackbone, NH), 4.00 (m,1Hbackbone, NHCH(CH3)2), 2.23 (m, 1Hbackbone, CHCONH), 1.80 – 1.10 (m, 2Hbackbone,CH2CHCO), 1.25 (m, 6Hend-group, C(CH3)2), 1.14 (m, 6Hbackbone, NHCH(CH3)2).
7.3.12 General procedure for the attempted preparation of polycarbonate-
g-poly(N-isopropylacrylaimde)
The appropriate equivalents of thiol-terminated poly(NiPAm) and 2-benzyl-2-(dimethylamino)-4’-morpholinobutyrophenone were added to a solution ofnorbornene-functional polycarbonate in THF ([Nb] = 0.015 M) and irradiatedwith UV light for 9 h.
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7.4 Experimental Procedures for Chapter 3
7.4.1 Synthesis of RAFT CTA (2)
Ethanethiol (2.36 mL, 31.9 mmol) and carbon disulfide (5.76 mL, 95.8 mmol)were added to a suspension of potassium triphosphate (7.45 g, 35.1 mmol) inacetone (300 mL) and stirred for 5 h at room temperature. 4-(chloromethyl)benzyl alcohol (5.00 g, 31.9 mmol) was added and the mixturewas stirred for a further 72 h. The solvent was removed in vacuo and theresidue was dissolved in CH2Cl2 (300 mL). The organic phase was washed with1 M HCl (2 × 200 mL), water (2 × 200 mL) and brine (1 × 200 mL). The organiclayer was dried over MgSO4. CH2Cl2 was removed under reduced pressure toyield a yellow solid (7.53 g, 29.1 mmol, 91%).
1H NMR (400 MHz, CDCl3, ppm): δ = 7.36 – 7.30 (m, 4H, Ar), 4.68 (d, 2H,ArCH2OH, 3JH-H = 6.0 Hz), 4.61 (s, 2H, ArCH2S), 3.38 (q, 2H, SCH2CH3, 3JH-H = 7.4Hz), 1.64 (t, 1H, OH, 3JH-H = 6.0 Hz), 1.36 (t, 3H, CH2CH3, 3JH-H = 7.4 Hz). 13C NMR(125 MHz, CDCl3, ppm): δ = 223.5 (C=S), 140.5 (OCH2C), 134.6 (CCH2S), 129.6(OCH2CCH), 127.4 (CHCCH2S), 65.1(OCH2C6H4), 41.1 (C6H4CH2S), 31.5(SCH2CH3), 13.2 (CH3). Anal. Calcd for C11H14OS3: C 51.1; H 5.5%. Found: 51.4;H, 5.5%. MS (ESI +ve): m/z 281 [M+Na]+.
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7.4.2 Synthesis of RAFT CTA functionalised acetonide protected bis-MPA
(3)
N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide hydrochloride (0.840 g, 4.38mmol) was added to a solution of 1 (0.730 g, 4.19 mmol) and 4-(dimethylamino)pyridine (0.0256 g, 0.210 mmol) in dry CH2Cl2 (50 mL) at 0 °C.The solution was allowed to warm to room temperature and stirred for 30 minbefore the addition of 2 (1.13 g, 4.38 mmol). Following stirring of the solutionfor a further 44 h, the reaction mixture was washed with water (3 × 25 mL) andthe organic layer was dried over MgSO4. CH2Cl2 was removed under reducedpressure and the crude product was purified by column chromatography (silica,ethyl acetate: petroleum ether (1:1)) to yield a yellow solid (1.09 g, 2.63 mmol,63%).
1H NMR (400 MHz, CDCl3, ppm): δ = 7.35 – 7.28 (m, 4H, Ar), 5.17 (s, 2H,ArCH2O), 4.60 (s, 2H, ArCH2S), 4.22 (d, 2H, C(CH3)CH2O, 3JH-H = 11.8 Hz), 3.66 (d,2H, C(CH3)CH2O, 3JH-H = 11.8 Hz), 3.38 (q, 2H, SCH2CH3, 3JH-H = 7.4 Hz), 1.43 (s,3H, C(CH3)2,), 1.37 (s, 3H, C(CH3)2,), 1.35 (t, 3H, SCH2CH3, 3JH-H = 7.4 Hz), 1.18 (s,3H, C(CH3)CH2O). 13C NMR (125 MHz, CDCl3, ppm): δ = 223.3 (C=S), 174.0(C=O), 135.5 (OCH2C), 135.2 (CCH2S), 129.4 (OCH2CCH), 128.1 (CHCCH2S), 98.1(C(CH3)2), 66.2 (OCH2C6H4), 66.0 (CH2OC=OOCH2), 41.9 (CCH3), 40.8 (CCH2S),31.4 (CH2CH3), 24.9 (C(CH3)2), 22.4 (C(CH3)2), 18.6 (CCH3), 13.1 (CH2CH3). Anal.Calcd for C16H26O4S3: C, 55.0; H, 6.3%. Found: C, 55.0; H, 6.3%. MS (ESI +ve):m/z 437 [M+Na]+.
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7.4.3 Synthesis of RAFT CTA-functional diol (4)
Dowex 50W-X2 acidic resin (0.200 g) was added to a stirred solution of 3 (0.400g, 0.964 mmol) in MeOH (50 mL). After stirring at room temperature for 16 h,the resin was removed by filtration before concentration of the solution in
vacuo to yield 4 as a yellow soild (0.361 g, 0.964 mmol, 100%).
1H NMR (400 MHz, CDCl3, ppm): δ = 7.35–7.28 (m, 4H, Ar), 5.17 (s, 2H, ArCH2O),4.60 (s, 2H, ArCH2S), 3.92 (d, 2H, C(CH3)CH2O, 3JH-H = 11.2 Hz), 3.72 (d, 2H,C(CH3)CH2O, 3JH-H = 11.2 Hz), 3.38 (q, 2H, SCH2CH3, 3JH-H J = 7.4 Hz), 2.41 (br s,2H, OH), 1.35 (t, 3H, SCH2CH3, 3JH-H = 7.4 Hz), 1.07 (s, 3H, C(CH3)CH2O). 13C NMR(125 MHz, CDCl3, ppm): δ = 223.4 (C=S), 175.7 (C=O), 135.6 (OCH2C), 135.3(CCH2S), 129.6 (OCH2CCH), 128.3 (CHCCH2S), 68.5 (CH2OH), 66.4 (OCH2C6H4),49.4 (CCH3), 40.9 (C6H4CH2S), 31.5 (CH2CH3), 17.2 (CCH3), 13.2 (CH2CH3). Anal.Calcd for C16H22O4S3: C, 51.3; H, 5.9%. Found: C, 51.4; H, 5.8%. MS (ESI +ve):m/z 397 [M+Na]+.
7.4.4 Synthesis of RAFT CTA-functional carbonate monomer (5)
A solution of triphosgene (2.50 g, 8.42 mmol) in dry CH2Cl2 (30 mL) was addedin stepwise portions over 30 minutes to a solution of 4 (4.67 g, 12.7 mmol) andpyridine (6.00 mL, 74.9 mmol) in dry CH2Cl2 (70 mL) at -78 °C. The reaction
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was stirred for 1 h at -78 °C and for a further 2 h at room temperature beforebeing washed with saturated aqueous NH4Cl solution (50 mL), 1M HCl (3 × 50mL) and saturated aqueous NaHCO3 solution (50 mL). The organic layer wasdried over MgSO4 and reduced under vacuum to yield a yellow solid that wasrecrystallised from THF/diethyl ether to yield 5 as a yellow solid (3.86 g, 9.64mmol, 76%).
1H NMR (400 MHz, CDCl3, ppm): δ = 7.37–7.26 (m, 4H, Ar), 5.19 (s, 2H, ArCH2O),4.70 (d, 2H, C(CH3)CH2O, 3JH-H = 10.8 Hz), 4.61 (s, 2H, ArCH2S), 4.20 (d, 2H,C(CH3)CH2O, 3JH-H = 10.8 Hz), 3.38 (q, 2H, SCH2CH3, 3JH-H = 7.4 Hz), 1.36 (t, 3H,SCH2CH3, 3JH-H = 7.4 Hz), 1.33 (s, 3H, C(CH3)CH2O). 13C NMR (125 MHz, CDCl3,ppm): δ = 223.3 (C=S), 171.0 (C(CH3)C=OOCH2), 147.5 (CH2OC=OOCH20), 136.1(OCH2C), 134.4 (CCH2S), 129.7 (OCH2CCH), 128.6 (CHCCH2S), 73.0(CH2OC=OOCH2), 67.5 (OCH2C6H4), 40.7 (C6H4CH2S), 40.3 (CCH3), 31.5 (CH2CH3),17.6 (CCH3), 13.1 (CH2CH3). Anal. Calcd for C17H20O5S3: C, 51.0; H, 5.0%. Found:C, 50.7; H, 4.9%. MS (ESI +ve): m/z 423 [M+Na]+.
7.4.5 Synthesis of ethyl-functional diol (ethyl-2,2-
bis(hydroxymethyl)propionate)
The ethyl-functional diol (ethyl-2,2-bis(hydroxymethyl)propionate) wasprepared according to the literature.10 Amberlyst 15 H+ ion exchange resin (4.6g) was added to a solution of bis-MPA (15 g, 0.112 mol) in ethanol (100 mL) andheated at reflux for 16 h. After this time, the solution was allowed to cool to
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room temperature and the resin was subsequently removed via filtration.Solvent was removed in vacuo to yield a white residue. CH2Cl2 (120 mL) wasadded and the mixture filtered to remove unreacted bis-MPA, the filtrate wasdried over MgSO4. CH2Cl2 was removed in vacuo to yield a colourless liquid(15.1 g, 93.0 mmol, 83%). Characterisation data were in accordance with thatpreviously reported.10
1H NMR (400 MHz, CDCl3, ppm): δ = 4.17 (q, 2H, C=OCH2CH3, 3JH-H = 7.2 Hz),3.84 (d, 2H, C(CH3)CH2O, 3JH-H = 11.2 Hz), 3.66 (d, 2H, C(CH3)CH2O, 3JH-H = 11.2Hz), 3.38 (br s, 2H, OH), 1.25 (t, 3H, C=OCH2CH3, 3JH-H = 7.2 Hz), 1.04 (s, 3H,CCH3). 13C NMR (100 MHz, CDCl3, ppm): δ = 176.0 (C=O), 67.5 (C(CH3)CH2O),61.1 (C=OCH2CH3), 49.2 (CCH3), 17.2 (CCH3), 14.2 (C=OCH2CH3).
7.4.6 Synthesis of ethyl-functional cyclic carbonate monomer (5-methyl-
5-ethoxycarbonyl-1,3-dioxan-2-one) (7)
Triethylamine (19.3 mL, 193 mmol) was added via dropwise addition to asolution of ethyl-2,2-bis(hydroxymethyl)propionate (7.5 g, 46.2 mmol) andethyl chloroformate (8.81 mL, 92.5 mmol) in THF (80 mL) at 0 °C. The reactionwas subsequently stirred at room temperature for 16 h. NEt3.HCl salts wereremoved via filtration and the solvent removed in vacuo to yield a whiteresidue. The crude product was dissolved in CH2Cl2 (50 mL), washed withwater (3 × 30 mL) and the organic layer dried over MgSO4. Solvent wasremoved in vacuo and the product was isolated as a white solid after
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recrystallisation from hot toluene (5.30g, 28.2 mmol, 61%). Characterisationdata were in accordance with that previously reported.10
1H NMR (400 MHz, CDCl3, ppm): δ = 4.69 (d, 2H, C(CH3)CH2O, 3JH-H = 10.8 Hz),4.26 (q, 2H, C=OCH2CH3, 3JH-H = 7.1 Hz), 4.20 (d, 2H, C(CH3)CH2O, 3JH-H = 10.8 Hz),1.33 (s, 3H, CCH3), 1.30 (t, 3H, C=OCH2CH3, 3JH-H = 7.1 Hz). 13C NMR (100 MHz,CDCl3, ppm): δ = 171.2 (C(CH3)C=OOCH2), 147.7 (CH2OC=OOCH20), 73.2(C(CH3)CH2O), 62.4 (C=OCH2CH3), 40.2 (CCH3), 17.7 (CCH3), 14.1 (C=OCH2CH3).
7.4.7 General procedure for ring-opening polymerisations
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (5 mol% to monomer) was added toa solution of 5 and 4-methoxybenzyl alcohol in dry CH2Cl2 or CDCl3 (taken froma stock solution of 4-methoxybenzyl alcohol in dry CH2Cl2 or CDCl3). After thedesired amount of time the polymerisation was quenched by the addition ofAmberlyst 15 H+ ion exchange resin. The resin was removed by filtration andCH2Cl2 removed under reduced pressure. The unreacted monomer and residualcatalyst were removed by column chromatography (silica, 100% CH2Cl2, then100% ethyl acetate).
1H NMR (400 MHz, CDCl3, ppm): δ = 7.27 (m, 4Hbackbone, Ar), 6.87 (m, 2Hend-group,Ar), 5.10 (m, 2Hbackbone, OCH2Ar), 5.04 (s, 2Hend-group, CH2Ar), 4.73 (m, 2Hbackbone,
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SCH2Ar), 4.57 (m, 4Hbackbone, C=OOCH2C(CH3)CH2O), 3.79 (s, 3Hend-group, OCH3),3.36 (m, 2Hbackbone, SCH2CH3), 2.42 (m, 1Hend-group, OH), 1.35 (m, 3Hbackbone,SCH2CH3), 1.23 (m, 3Hbackbone, CCH3).
7.4.8 General procedure for ring-opening copolymerisations
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (5 mol% to total monomer) wasadded to a solution of cyclic carbonate 5, cyclic carbonate 7 and 4-methoxybenzyl alcohol in dry CH2Cl2 (taken from a stock solution of 4-methoxybenzyl alcohol in dry CH2Cl2). After the desired amount of time thepolymerisation was quenched by the addition of Amberlyst 15 H+ ion exchangeresin. The resin was removed by filtration and CH2Cl2 removed under reducedpressure. The unreacted monomers and residual DBU were removed bycolumn chromatography (silica, 100% CH2Cl2, then 100% ethyl acetate).
1H NMR (400 MHz, CDCl3, ppm): δ = 7.28 (m, 4Hbackbone-5, Ar), 6.88 (m, 2Hend-
group, Ar), 5.12 (m, 2Hbackbone-5, OCH2Ar), 5.07 (m, 2Hend-group, CH2Ar), 4.61 (m,2Hbackbone-5, SCH2Ar), 4.28 (m, 8Hbackbone-5+7, C=OOCH2C(CH3)CH2O), 4.18 (m,2Hbackbone-7, OCH2CH3), 3.10 (m, 3Hend-group, OCH3), 3.37 (m, 2Hbackbone-5,SCH2CH3), 1.35 (m, 3Hbackbone-5, SCH2CH3), 1.24 (m, 6Hbackbone-5+7, CCH3), 1.20 (m,3Hbackbone-7, OCH2CH3).
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7.4.9 General procedure for RAFT polymerisations
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The appropriate equivalents of RAFT CTA-functional polycarbonate, AIBN (0.1eq. to total RAFT CTA groups) and methyl acrylate were loaded into a dryampoule and dissolved in CHCl3. The reaction mixture was degassed via 4freeze-pump-thaw cycles and refilled with nitrogen. The polymerisation wasinitiated by immersion of the ampoule into an oil bath at 65 °C. After thedesired length of time the polymerisation was quenched by immersion of theampoule in liquid nitrogen.
1H NMR (400 MHz, CDCl3, ppm): δ = 7.22 – 7.12 (m, 4HPC, Ar), 5.10 (m, 2HPC,OCH2Ar), 4.87(m, 2HPC, SCH2Ar), 4.27 (m, 8HPC, C=OOCH2C(CH3)CH2O), 4.17 (m,2HPC, OCH2CH3), 3.66 (s, 3HPMA, OCH3), 3.37 (m, 2HPC, SCH2CH3), 2.30 (m, 1HPMA,CH2CHC=OOCH3), 2.00 - 1.40 (m, 2HPMA, CH2CHC=OOCH3), 1.35 (m, 3HPC,SCH2CH3), 1.23 (m, 6HPC, CCH3), 1.20(m, 3HPC, OCH2CH3).
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7.4.10 Preparation of polycarbonate-g-poly(N-isopropylacrylaimde)
micellesPolymer P10 was dissolved in 18.2 MΩ·cm water at a concentration of 1.0 mg/mL at 4 °C. The solution was allowed to stir for 1 h prior to analysis andthen stored at 4 °C.DLS: Dh(number average) = 12 ± 0.4 nm, PD = 0.33. TEM: Dav = 12 ± 2 nm.
7.5 Experimental Procedures for Chapter 4
7.5.1 General procedure for ring-opening polymerisations
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) was added to a solution of theappropriate equivalents of 1, 2 and 1,4-butanediol (taken from a stock solutionof 1,4-butanediol in dry CH2Cl2) in dry CH2Cl2 and stirred at room temperature.After the desired amount of time the polymerisation was quenched by theaddition of Amberlyst 15 H+ ion exchange resin. The resin was removed byfiltration and CH2Cl2 removed under reduced pressure. The unreacted
277
monomers and residual DBU were removed by column chromatography (silica,100% CH2Cl2, then 100% ethyl acetate).
1H NMR (400 MHz, CDCl3, ppm): δ = 7.31 – 7.26 (m, 4Hbackbone-1, Ar), 5.11 (m,2Hbackbone-1, OCH2Ar), 4.59 (m, 2Hbackbone-1, SCH2Ar), 4.28 (m, 8Hbackbone-1+2,C=OOCH2C(CH3)CH2O), 4.17 (m, 2Hbackbone-2, OCH2CH3), 4.11 (m, 4Hend-group,OCH2CH2), 3.37 (m, 2Hbackbone-1, SCH2CH3), 1.73 (m, 4Hend-group, OCH2CH2), 1.35(m, 3Hbackbone-1, SCH2CH3), 1.24 (m, 6Hbackbone-1+2, CCH3), 1.21 (m, 3Hbackbone-2,OCH2CH3).
7.5.2 General procedure for alkyne end-group functionalisation
Pyridine (10 eq.) was added to a solution of RAFT CTA-functionalpolycarbonate, 4-pentynoic anhydride (30 eq.) and DMAP (3 eq.) in dry CH2Cl2and stirred under nitrogen for 36 h. The solution was washed with saturatedNaHSO4 (2 ×) and saturated NaHCO3 and the organic layer dried over MgSO4.Solvent was removed in vacuo, the polymer residue dissolved in the minimumamount of CHCl3 and precipitated into petroleum ether 40 – 60 °C three times.
1H NMR (400 MHz, CDCl3, ppm): δ = 7.31 – 7.26 (m, 4Hbackbone-1, Ar), 5.11 (m,2Hbackbone-1, OCH2Ar), 4.59 (m, 2Hbackbone-1, SCH2Ar), 4.28 (m, 8Hbackbone-1+2,C=OOCH2C(CH3)CH2O), 4.17 (m, 2Hbackbone-2, OCH2CH3), 4.11 (m, 4Hend-group,OCH2CH2), 3.87 (m, 2Hbackbone-1, SCH2CH3), 2.55 (m, 4Hend-group, CH2CH2CCH),
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2.50 – 2.42 (m, 4Hend-group, CH2CH2CCH), 1.97 (m, 2Hend-group, CH), 1.73 (m, 4Hend-
group, OCH2CH2), 1.34 (m, 3Hbackbone-1, SCH2CH3), 1.24 (m, 6Hbackbone-1+2, CCH3),1.22 (m, 3Hbackbone-2, OCH2CH3).
7.5.3 Synthesis of bis-(mesylate ethyl)disulfide (3)
Bis-(mesylate ethyl)disulfide (3) was prepared according to literatureprocedures.11, 12 Methanesulfonyl chloride (4.01 mL, 51.9 mmol) was addeddropwise to a solution of 2-hydroxyethyldisulfide (2 g, 13.0 mmol) andtriethylamine (7.23 mL, 51.9 mmol) in CH2Cl2 (40 mL) at 0 °C and subsequentlyleft to stir at room temperature for 16 h. The solution was washed with 1M HCl(2 × 20 mL), saturated NaHCO3 (2 × 20 mL) and brine (20 mL) and the organiclayer dried over MgSO4. Solvent was removed in vacuo to yield 3 as a paleyellow oil, that was used for the next step without further purification.
7.5.4 Synthesis of bis-(azidoethyl)disulfide (4)
Bis-(azidoethyl)disulfide (4) was prepared according to literatureprocedures.11, 12 Sodium azide (4.2 g, 64.6 mmol) was added to a solution of 3(4 g, 12.9 mmol) in DMF (80 mL) and heated at 80 °C for 16 h, during whichtime a white precipitate formed. The precipitate was removed via filtration andsolvent removed in vacuo. The residue was dissolved in CH2Cl2, filtered, washed
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with saturated NaHCO3 and the organic layer dried over MgSO4. Solvent wasremoved in vacuo to yield (4) as a colourless oil (2.35 g, 11.5 mmol, 89.2%).Characterisation data were in accordance with that previously reported.11, 12
1H NMR (400 MHz, CDCl3, ppm): δ = 3.59 (t, 4H, N3CH2, 3JH-H = 6.7 Hz), 2.86 (t,4H, SCH2, 3JH-H = 6.7 Hz). 13C NMR (100 MHz, CDCl3, ppm): δ = 50.0 (N3CH2),37.7 (SCH2).
7.5.5 General procedure for cyclisation via copper-catalysed azide-
alkyne cycloaddition
O
O
O
O
O
O
O O
ORO
OR
O
O
N N
N
S
N
N N
S
S
S
S
(x + y)/2
(x + y)/2
For x, R =
For y, R =
OA solution of N,N,N’,N’’-pentamethyldiethylenetriamine (PMDETA) (100 eq.) intoluene (0.05 mM) was bubbled with nitrogen for 1 h. Cu(I)Br (100 eq.) wasadded and the solution bubbled for a further 30 min. In a separate ampoule asolution of alkyne-terminated RAFT CTA-functional polycarbonate (1 eq.) and 4(1 eq.) in toluene (1 mM) was degassed via 3 freeze-pump-thaw cycles. Thedegassed solution of polymer and 4 was transferred into a gas-tight glasssyringe and added at a rate of 0.3 mL/h to the solution of PMDETA and Cu(I)Brwhilst stirred. After complete addition the solution was stirred for a further 3 h,then washed with saturated NaHCO3 (3 ×) and brine (3 ×) and the organic layer
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dried over MgSO4. Toluene was removed in vacuo and the polymer residue wasdissolved in CH2Cl2 and stirred in the presence of Cuprisorb beads overnight.The beads were removed via filtration and the polymer was precipitated intopetroleum ether 40 – 60 °C.
1H NMR (400 MHz, CDCl3, ppm): δ = 7.31 – 7.25 (m, 4Hbackbone-1, Ar), 5.12 (m,2Hbackbone-1, OCH2Ar), 4.59 (m, 2Hbackbone-1, SCH2Ar), 4.28 (m, 8Hbackbone-1+2,C=OOCH2C(CH3)CH2O), 4.17 (m, 2Hbackbone-2, OCH2CH3), 4.12 (m, 4Hend-group,OCH2CH2), 3.37 (m, 2Hbackbone-1, SCH2CH3), 3.14 – 2.59 (m, 12Hend-group, CH2SSCH2+ CH2CH2CCH + CH2CH2CCH), 1.73 (m, 4Hend-group, OCH2CH2), 1.35 (m, 3Hbackbone-
1, SCH2CH3), 1.24 (m, 6Hbackbone-1+2, CCH3), 1.22 (m, 3Hbackbone-2, OCH2CH3).
7.5.6 Model small molecule copper-catalysed azide-alkyne cycloaddition
(5)
Solutions of ethyl pent-4-ynoate (0.300 g, 2.38 mmol) and 4 (0.194 g, 0.950mmol) in toluene (13 mL) and PMDETA (119 µL, 0.570 mmol) and Cu(I)Br(0.081 g, 0.565 mmol) in toluene, in separate ampoules, were degassed via 3freeze-pump-thaw cycles. The PMDETA and Cu(I)Br solution was transferred
via cannula to the solution of ethyl pent-4-ynoate and 4 and stirred for 6 h. Thecrude product was isolated via filtration, dissolved in CH2Cl2, washed withsaturated NaHCO3 (3 × 10 mL) and brine (3 × 10 mL) and the organic layerdried over MgSO4. Solvent was removed in vacuo to yield 5 as a white solid(0.404 g, 0.884 mmol, 93.1%).
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1H NMR (400 MHz, CDCl3, ppm): δ = 7.43 (s, 2H, C=CH), 4.59 (t, 4H, N3CH2, 3JH-H= 6.7 Hz), 4.11 (q, 4H, CH2CH3, 3JH-H = 7.1 Hz), 3.14 (t, 4H, SCH2, 3JH-H = 6.7 Hz),3.03 (t, 4H, C=OCH2, 3JH-H = 7.3 Hz), 2.71 (t, 4H, CH2CH2C=CH, 3JH-H = 7.3 Hz), 1.22(t, 6H, CH3, 3JH-H = 7.1 Hz). 13C NMR (100 MHz, CDCl3, ppm): δ = 172.9 (C=O),1.46.8 (C=CH), 122.1 (C=CH), 60.7 (OCH2CH3), 48.7 (N3CH2), 37.9 (SCH2), 33.8(C=OCH2), 21.1 (CH2C=CH), 14.4 (CH3).
7.5.7 General procedure for RAFT polymerisations
The appropriate equivalents of RAFT CTA-functional cyclic polycarbonate, AIBN(0.1 eq. to toal RAFT CTA groups) and monomer were loaded into a dryampoule and dissolved in CHCl3. The reaction mixture was degassed via 4freeze-pump-thaw cycles and refilled with nitrogen. The polymerisation wasinitiated by immersion of the ampoule into an oil bath at 65 °C. After thedesired length of time the polymerisation was quenched by immersion of theampoule in liquid nitrogen.
1H NMR (400 MHz, CDCl3, ppm): δ = 7.22 – 7.15 (m, 4HPC, Ar), 5.18 (m, 2HPC,SCH2Ar), 5.10 (m, 2HPC, OCH2Ar), 4.27 (m, 8HPC, C=OOCH2C(CH3)CH2O), 4.17 (m,2HPC, OCH2CH3), 3.63 – 3.31 (m, 4HPNAM, NCH2CH2O), 3.37 (m, 2HPC, SCH2CH3),
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2.76 – 2.30 (m, 1HPNAM, CH2CHC=ON(CH2)2), 1.90 – 1.50 (m, 2HPNAM,CH2CHC=ON(CH2)2), 1.36 (m, 6HPC, CCH3), 1.24 (m, 3HPC, OCH2CH3).
7.6 Experimental Procedures for Chapter 5
7.6.1 General procedure for particle preparation via direct dissolution
The relevant polymer was dissolved in 18.2 MΩ·cm water and thoroughly mixed using a vortex mixer.
7.6.2 General procedure for particle preparation via solvent switch
The relevant polymer was dissolved in THF at 1 mg/mL.  18.2 MΩ·cm water was added to the stirred solution via a peristaltic pump at a rate of 0.6 mL/h. Aftercomplete water addition, THF was removed via exhaustive dialysis against 18.2
MΩ·cm water for 3 days to yield a final concentration of ca. 0.5 mg/mL.
7.6.3 General procedure for particle preparation via thin film hydrationThe relevant polymer was dissolved in CHCl3 in a round bottom flask. CHCl3was removed in vacuo to leave a thin polymer film coating the inside of the
flask.  18.2 MΩ·cm water was carefully added down the side of the flask, to prevent disruption of the film, which was left to hydrate for 16 h.
7.6.4 Determination of cmc via fluorescence spectroscopy73 µL of a stock solution of pyrene in acetone (2.47 × 10-6 M) was added toseveral vials and the acetone subsequently evaporated. Solutions of P1 and P2were prepared via direct dissolution in 18.2 MΩ·cm water, with concentrations from 0.0003 to 2 mg/mL. 300 µL of each polymer solution was added to a
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pyrene containing vial and stirred overnight to give a final pyrene concentrationof 6 × 10-7 M.
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Appendix
Guinier Porod model provided by the NCNR package. Parameters Kn refer to the following:K0 scaleK1 dimension variable sK2 Rg (A)K3 Porod exponent (A)K4 background (cm-1)
PolyCoreForm model provided by the NCNR package. Parameters Kn refer to the following:K0 scaleK1 average core radius (A)K2 core polydispersityK3 shell thickness (A)K4 SLD core (A-2)K5 SLD shell (A-2)K6 SLD solvent (A-2)K7 background (cm-1)
P6 h2o_dat_i[0,791]GuinierPorod(coef_GP,WMCF_TempDestWave,WMCF_TempXWave)V_chisq= 1576.36;V_npnts= 790;V_numNaNs= 0;V_numINFs= 0;Coefficient values ± one standard deviationK0 =0.0056955 ± 0.000188K1 =0.1628 ± 0.00786K2 =35.003 ± 0.225K3 =3.3643 ± 0.0691K4 =2.6332e-005 ± 8.54e-006fit time = 0.980137 seconds
P6 h2o_dat_i[3,464]Debye(coef_deb,WMCF_TempDestWave,WMCF_TempXWave)V_chisq= 8653.97;V_npnts= 462;V_numNaNs= 0;V_numINFs= 0;Coefficient values ± one standard deviationK0 =0.014205 ± 6.54e-005K1 =60.647 ± 0.217K2 =1e-005 ± 0fit time = 0.570081 seconds
P6 h2o_dat_i[13,439]PolyCoreForm(coef_pcf,WMCF_TempDestWave,WMCF_TempXWave)V_chisq= 740.781;V_npnts= 427;V_numNaNs= 0;V_numINFs= 0;Coefficient values ± one standard deviationK0 =0.0042714 ± 0.00284K1 =22.082 ± 0.627K2 =0.48761 ± 0.0135K3 =0 ± 0K4 =9.7483e-006 ± 9.6e-008K5 =6.0873e-007 ± 0K6 =9.46e-006 ± 0K7 =8e-005 ± 0fit time = 0.443818 seconds
P6 dioxane_dat_i[2,168]GuinierPorod(coef_GP,WMCF_TempDestWave,WMCF_TempXWave)V_chisq= 288.534;V_npnts= 167;V_numNaNs= 0;V_numINFs= 0;Coefficient values ± one standard deviationK0 =0.0085501 ± 0.000558K1 =0.19524 ± 0.0147K2 =44.65 ± 0.537K3 =3.5674 ± 0.532K4 =3e-005 ± 0fit time = 0.906032 seconds
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P6 dioxane_dat_i[9,253]PolyCoreForm(coef_pcf,WMCF_TempDestWave,WMCF_TempXWave)V_chisq= 573.672;V_npnts= 245;V_numNaNs= 0;V_numINFs= 0;Coefficient values ± one standard deviationK0 =0.0069901 ± 0.0111K1 =48.542 ± 0.892K2 =0.23593 ± 0.0111K3 =0 ± 0K4 =9.7679e-006 ± 1.43e-007K5 =6.0873e-007 ± 0K6 =9.587e-006 ± 0K7 =0.0001 ± 0fit time = 0.356397 seconds
P5 h2o_dat_i[13,515]GuinierPorod(coef_GP,WMCF_TempDestWave,WMCF_TempXWave)V_chisq= 1081.47;V_npnts= 503;V_numNaNs= 0;V_numINFs= 0;Coefficient values ± one standard deviationK0 =0.0040258 ± 7.23e-005K1 =0.64507 ± 0.00403K2 =42.778 ± 0.142K3 =3.5955 ± 0.0223K4 =0.0002441 ± 7.28e-006fit time = 0.718703 seconds
P5 h2o_dat_i[15,464]PolyCoreForm(coef_pcf,WMCF_TempDestWave,WMCF_TempXWave)V_chisq= 10137;V_npnts= 450;V_numNaNs= 0;V_numINFs= 0;Coefficient values ± one standard deviationK0 =0.004396 ± 0.289K1 =35.632 ± 0.35K2 =0.5 ± 0.00512K3 =0 ± 0K4 =9.7989e-006 ± 1.11e-005K5 =6.0873e-007 ± 0K6 =9.46e-006 ± 0K7 =0.00025 ± 0fit time = 0.469801 seconds
P5 h2o_dat_i[19,477]Cyl_PolyRadius(coef_cypr,WMCF_TempDestWave,WMCF_TempXWave)V_chisq= 2824.1;V_npnts= 459;V_numNaNs= 0;V_numINFs= 0;Coefficient values ± one standard deviationK0 =0.00090742 ± 1.15K1 =37.851 ± 0.0547K2 =255.54 ± 1.01K3 =0.3 ± 0K4 =1.0211e-005 ± 0.000477K5 =9.46e-006 ± 0K6 =0.00039556 ± 4.95e-006fit time = 2.14163 seconds
P5 dioxane_dat_i[6,758]GuinierPorod(coef_GP,WMCF_TempDestWave,WMCF_TempXWave)V_chisq= 6106.68;V_npnts= 753;V_numNaNs= 0;V_numINFs= 0;Coefficient values ± one standard deviationK0 =0.0040658 ± 6.49e-005K1 =0.63374 ± 0.00349K2 =45.49 ± 0.135K3 =5.2205 ± 0.0743K4 =3e-005 ± 0fit time = 1.55001 seconds
P5 dioxane_dat_i[13,280]PolyCoreForm(coef_pcf,WMCF_TempDestWave,WMCF_TempXWave)V_chisq= 4187.72;V_npnts= 268;V_numNaNs= 0;V_numINFs= 0;
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Coefficient values ± one standard deviationK0 =0.0038558 ± 0.0105K1 =38.689 ± 0.485K2 =0.5 ± 0.00623K3 =0 ± 0K4 =9.9119e-006 ± 4.42e-007K5 =6.0873e-007 ± 0K6 =9.587e-006 ± 0K7 =0.0001 ± 0fit time = 0.564801 seconds
P5 dioxane_dat_i[17,214]Cyl_PolyRadius(coef_cypr,WMCF_TempDestWave,WMCF_TempXWave)V_chisq= 1094.49;V_npnts= 198;V_numNaNs= 0;V_numINFs= 0;Coefficient values ± one standard deviationK0 =0.00095663 ± 1.38K1 =46.12 ± 1.6K2 =272.45 ± 1.54K3 =0.19191 ± 0.0268K4 =1.0231e-005 ± 0.000463K5 =9.587e-006 ± 0K6 =0.0001 ± 0.000116fit time = 0.535684 seconds
